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PREFACE  TO  VOLUME  I. 


The  first  edition  of  a  work  in  tlic  F.nRlish  Innpii^K'  b<\irinR  tho  title 
of  "  Eli'ctriii.y  in  tlic  Srviti'  of  Man  "  appan-d  ir.  iNSS.  and  ron- 
sisted  chit'fly  of  a  translation  from  the  (Icrnian  of  Dr.  \.  R.  von 
Urbanitzky,  tditcd,  with  niiminms  additions,  by  Dr.  K.  A.  Wtirnitil. 
In  i8()<)  a  second  edition  w.is  issued,  first  in  serial  form  an J  linn  as  a 
lomplete  volume,  still  tmder  the  editorship  of  Dr.  Wornu  .  but 
ineliiding  some  brief  app«'ndi<<"^  <r..:v.  the  p<n  of  the  present  Aril.  r. 
The  third  edition  followed  rapidly,  and  was  completed  in  1803  u>.  lei 
the  direction  of  the  present  author,  v.ho  i  ontribiite  ilrmt  25  ^.r 
rent,  of  the  whole  book  as  new  m.''*ir,  'loides  111  ikinjj  ,  ^e  excisions 
from  till  previous  edition  and  reniodellinK  mu<  h  of  the  remainder, 
so  as  to  bring  it  more  into  line  with  modern  ideas. 

When  in  l8()()  and  moo  the  question  of  a  new  edition  was  discussed, 
so  great  had  been  the  advance  of  electrical  science  in  the  few  years 
which  had  elapsed  simc  the  previous  issue  that  it  had  bo(  ome 
necessary  to  recast  the  whole  and  practically  to  write  a  mw  l)ciok 
from  cover  to  cover,  discarding  the  old  material  e.xcept  so  far  as  it 
might  be  useful  in  the  histnrii  al  sections. 

In  und  rtaking  this  work  the  author,  bt>aring  in  mind  the  '  iu(h 
more  general  ditlusion  of  electrical  knowledge  Ihan  had  prevailed 
ten  year>  earlier,  dei  ided  to  divide  the  body  of  the  book  into  two 
parts,  the  first  of  whiih  should  deal  with  tho  "history  and  principles 
oi  electrical  science,"  and  the  second  with  the  "  tec  luiology  of  i  kr- 
tricity  "  under  two  subdivisions,  which  wen'  to  deal  broadly  with 
the  applications  involving  the  usi'  of  heavy  and  of  small  <  urrents 
respectively.  By  this  means  it  was  hojxd  that  one  of  the  cliarac  (er- 
istics of  the  previous  editions,  which  had  been  the  >uhject  of  >;<)me 
criticism,  would  be  avoided,  inasmucli  as  it  would  render  unnecessar- 
the  placing  of  explanations  of  quite  elementary  electrical  principles 
in  close  juxtaposition  to  somewhat  ad\anced  developments  of  those 


IV 


Pkefacs. 


principles.  The  plan  also  had  the  further  advantage  that  those  who 
had  already  acquired  some  knowledge  of  electrical  principles  would 
be  able  to  pass  rapidly  over  the  first  part  except  in  so  far  as  they 
v.ere  interested  in  the  historical  developments.  Moreover,  by  proper 
cross  references  the  reader  of  the  more  technical  sections  would  be 
able  to  refresh  his  knowledge  of  the  principles  when  necessary,  leaving 
those  who  wen-  able  to  dispense  with  such  references  a  clearer  and 
more  connected  account  of  the  technical  developments. 

The  enormous  and  rapid  growth  of  electrical  science,  together 
with  some  unforeseen  personal  experiences  which  are  fully  referred 
to  in  the  preface  to  the  last  edition,  rendered  it  impossible  to  carry 
out  this  scheme  in  its  entirety.  Following  the  plan  of  the  two  imme- 
diately preceding  editions,  the  book  was  issued  in  serial  numbers, 
the  first  of  which  appeared  in  October,  icjoi,  Part  I.  of  the  whole 
work,  as  described  above,  being  completed  in  August,  1902,  and  con- 
sisting of  not  quite  700  pages.  The  serial  publication,  owing  to  the 
circumstances  alluded  to  above,  had  to  be  interrupted  in  the  middle 
of  Part  II.,  the  last  serial  number  of  which,  with  some  mod'fications 
in  the  original  plan,  was  not  issued  until  June,  1904.  The  modifica- 
tions referred  to  were  rendered  necessary  by  the  rapid  developments 
which  had  taken  place  since  the  issue  of  the  preceding  edition.  Thus, 
in  .  uKr  to  deal  adequately  with  the  subject  of  dynamos  and  motors, 
for  ccmtinuous  and  alternate  currents,  nearly  the  whole  of  the  space 
available  was  required,  to  the  exclusion  of  many  important  subjects. 
It  was  decided  to  be  bt^tter  to  treat  this  subject  exhaustively,  and 
to  omit  whole  sections  for  treatment  in  a  supplementary  volume, 
rather  than  to  attempt  to  cover  the  whole  ground  within  insufficient 
space. 

The  issue  of  this  contemplated  supplementary  volume  has  been 
delayed  by  various  causes,  imtil  it  has  become  necessary  to  issue  a 
new  edition  of  the  whole  work.  In  tliis  new  edition  it  has  btvn  decided 
to  increase  the  available  space  considerably,  and,  as  with  this  increase 
a  single  volume  would  be  unwieldy.to  divide  the  book  into  two  volumes, 
to  which  the  plan  of  the  previous  edition,  with  its  Parts  I,  and  II., 
readily  ad.ipted  itself. 
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The  present  volume  is  therefore  the  new  edition  of  Part  I.,  and 
deal?  with  "  The  History  and  Principles  of  Electrical  Science."  The 
portion  dealt  with  has  been  thoroughly  revised  throughout,  and,  in 
addition  to  numerous  alterations,  many  new  pages  have  been  added, 
so  that,  notv.ithstanding  numerous  deletions,  the  size  of  this  section 
ha?  increased  from  under  700  pages  to  over  800  pages.  New  sections 
have  been  added  dealing  with  recent  di.elopments,  amongst  which 
may  he  mentioned  "  Radioactivity,"  "  The  Magnetic  Pr(»perties  of 
Alloy?,"  "  Metallic  Filament  Lamps,"  "  The  Mercury  Arc,"  "  Rectillers," 
etc.,  etc.,  strictly  technical  details  in  all  cases  being  left  over  lor 
Volume  II.,  in  accordance  with  the  general  plan.  In  addition  t-ie 
chapters  on  "  Electrical  Measurements "  at  the  end  of  the  book 
have  been  considerably  extended  to  bring  them  more  into  line  with 
nurdtrn  work  and  requirements,  and  some  of  the  simpler  measurements 
which  were  dealt  with  in  Part  II.  in  the  last  edition  now  appear  more 
properly  in  Volume  1.  The  reader  of  this  volume,  it  is  hoped,  will 
obtain  a  very  clear  grasp  of  the  fundamental  principles  and  laws 
upon  which  the  remarkable  developments  of  the  last  two  or  three 
decades  have  been  based,  and  with  these  to  guide  him  will  be  able  to 
follow  as  they  appear  most  of  the  new  applications  of  electricity  to  the 
service  of  man  for  some  years  to  come. 

Before  concluding,  the  writer  desires  to  express  his  deep  obliga- 
tions to  many  friends  and  manufacturers,  and  also  to  the  technical 
press,  for  the  invaluable  assistance  he  has  received  on  all  hands  in 
the  <:c)urse  of  the  work.  Most  of  the  sources  from  which  data  have 
been  derived,  'specially  in  the  case  of  recent  work,  are  acknowledged 
either  directly  or  indirectly  in  the  book,  and  it  is  therefore  unnecessary 
to  mention  any  of  them  specifically  here.  If,  through  inadvertence, 
any  particular  acknowledgment  has  not  been  made,  the  writer  tenders 
his  apologies  and  his  assurances  that  such  an  omission  is  certainly  not 
deliberate  and  intentional.  For  all  assistance  so  received  he  is  most 
grateful,  as  without  it  he  would  not  have  been  able  to  carry  out  his 
plans. 


R.   MlLLINEUX   VV.\I.MSI.EY. 


Noicmber, 
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ELECTRICITY 

IN    THE    SERVICE    OF    MAN 


PART   I 

The  History  and   Principles  of  Electrical 

Science 

IXTKODUCTION 
EARLY   III  STORY 

-S  A  LTHOUGH  the  applications  to  the  service  of  man  of  electricity  in  all 

Its  varied  branches  only  dale  from  comparatively  recent  times,  yet  the 
early  glimmerings,  though  scarcely  the  foundations,  of  the  science  can  boast 
a  respectable  antiquity.  Thus,  whilst  the  first  western  practical  applica- 
tion of  magnetism  of  which  there  is  any  record  is  a  somewhat  doubtful 
reference  to  the  use  of  the  n  .riner's  compass  in  the  t.velfth  century, 
the  properties  of  the  lodestone  had  been  known  to  the  curious  amongst 
the  nations  of  the  West  since  before  the  commencement  of  the  Christian  Era. 
It  IS  true  that  the  Chinese  claim  to  have  used  magnetic  needles  on  land 
journeys  long  before  the  outer  barbarians  were  acquainted  with  them, 
but  the  web  of  Chinese  chronology  is  too  tangled  to  admit  of  a  very 
precise  date  being  assigned  to  this  invention  of  a  denizen  of  the  celestial 
empire. 

The  direct  practical  application  of  the  purely  electrical  side  ..f  the 
science  is  considerably  more  recent  than  the  first  magnetic  application. 
It  IS  probably  to  be  fcjund  in  the  use  of  lightning  conductors  following 
upon  the  researches  of  Franklin  in  the  eighteenth  century.  But  the  first 
electrical  experiment  is  supposed  to  have  been  made  si.x  centuries  before 
the  Christian  Era,  thus  giving  a  period  of  germination  und  growth  to 
fruition  of  well  over  two  thousand  vears.  during  which  the  services  of 
this    wonderful   agent   were   lost   to   mankind.     In   the   short   period    that 
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then-    is,  at   present,   no   reason  to   suj.puse  but  that  it   will  S 

^'r^i:T;^Z  nl^rr  ::nu;;v-  ...  ...  a^..n^d  that  ^ 

s:::^,- s:;t/::^a;i:;  z  ti.,  .uh  the.rU  h.^^,. 

rherlfoe    I   will    b.    most   convenient    to    treat    them    separately    fo     a 
;fme    though    thi,    separation    mu,t    tend    to    disappear    as    the    subject 

'"Sly   and  Classical   References   to   Mafirnetism.-The   ancient, 

.erfaSa^dwith  the  natural  '^destone,  ^thou«h  we  canno,  de^^^^^^^^^^^ 
the   exact   date  when   it   was  d.overed^    They    had    h^-e-r      er> 
a,gerated  -tions  of  its   powers.     A.vo^d.ng  to  P Un      the    j^ 
first  found  by  a  shepherd   named   Magne,.   ^"^    ^^  J^«  ^    .  Lithos 

Other    historians    refe;  to    the    lode.tcne    under    the    "^'"^J?  ^^ 

and  repelling  iron.  macnetic    needle    to   the 

s;"L:,e::i::n;i;;  ™n ''L  *. .« .h.  .uo™  ^a.  »o,  .h. 

!L:;„«Ic  „.edl.,  and  are  sa.d  ,o  „.v.  -- J<.«j  "„f ,  nd    ^r."; 
'""thT  iTElTafwha   took    into  account  the  declination,  o!  th. 

rL;;i™r\sri>i,,T'iicHo„":  rT... .  ..e  „„,. 

^T  '"*  "r"i''Li«^v'?"ti;:".ra^rot  'i^' ...  ^ 

In  the  vear  1S44  the  di3Cove.>    01    uc  vibte-ht  »f  Pru.ssia. 

by  Hartmann.  who  mentions  the  tact  m   a   letlcr  .0  '^^^'-"^  ^ 

Robert  Norman  (1570),'..  "-king  m.re  accurate  experiments  to  ascertam 
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Emi!y  HisTOHY  or  Magnetism.  , 

the  cauMJ  of  "dip."  (uu.ul  that  iron.  wl,e„  magnetised,  did  not  increaM- 
jn  wc.«,,t.  and  that  the  act.on  of  the  earth  upon  a  ma«ne"  d  ,  Te 
free  to  move  >n  any  direction  ua.  simply  ^,r.7,>r.  there  be>n«  no  rcM. 
ant  force  o  translation  tending  to  drag  the  needle  bodily.  Vcrv  soon 
afterwards  VV  ilham  Gilbert,  physician  to  Queen  Eli.abeth.'Vnri  hed  t  ^ 
«:.ence  o.  Magnetism  with  many  new  and  interesting  di ever  .  S^ 
important  were  these  that  I'oggendortr  has  called  hin.  the  •'C.hleo^ 
Magnetism."  He  wis  born  at  Colchester  in  ,540.  studied  at  ..J 
and  Cambridge,  and,  after  travelling  for  some  tmie  on  the  Contment 
established  himseh  as  a  physician  v-ontincni, 

in  London,  where  he  died  in  loov 
Considering  the  period  it  which 
Gilbert  lived,  his  scientific  know- 
ledge must  have  been  remark- 
able. It  gained  for  him  the 
favour  ol  the  queen,  who  gave 
him  the  means  for  carrying  out 
his  scientific  experiments,  and 
also  appointed  him  her  private 
physician.  Th'j  principles  and 
theories  of  Lord  Bacon,  who 
frequented  Queen  Elizabeth's 
Court,  probably  greatly  influenced 
Gilbert.  It  is  cert.iin  that 
he  did  not  follow  the  plan, 
previously  followed  by  the  school- 
men, of  making  daring  hypoth- 
eses   to   explain    natural   pheno- 


rig.   i.-GIIbfrts  Terrella. 


rnena,  but  formed  his  ideas  from  direct  experiment.  This  is  exactly  the 
plan  advocated  by  Bacon. 

«.h'''ll  Gilbert  and  Hartmann  were  aware  that  similar  pole.s  repelled 
each  other.  Gilbert  observed,  further,  that  pieces  of  iron  vertically  sus- 
pended became  magnets,  especially  when  the  bar  of  iron  had  a  similar 
inchnation  to  that  of  the  dipping  needle,  and  that  the  poles  of  the  mag- 
nets thus  formed  nearest  the  earth  proved  to  be  N    poks 

These    and    other    new    facts    were    published    in    his    epoch-makine 
book     entuled    " /?.    Mag,ute    Ma.ueticesque    Corporibus    ./i    J^ 

iboo.  It  has  recently  been  translated  into  English  by  the  Gilbert  Club 
Putting  aside  va.n  speculations  and  proceeding  carefully  by  experiment' 
GUber  sought  an  explanation  for  the  then  known  tU  of  terreS 
magneusm  which  he  had  industriously  collected.  He  found  that  he 
wa.  able  to  reproduce  r,.>ughly  tlie  known  phenomena  by  means  of 
ma^metued  spheres  which  he  called  "  terrellas "  or  '■  earthkini"    O^I  o 
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these  is  represented  in  Fig.  i,  which  is  copied  fr..;«  Gilberts  book.  A. 
a  result  of  his  experiments  he  put  forward  the  told  theory  that  the 
•ttion  of  the  compass  could  be  explained  by  assuming  that  the  earth 
itself  is  a  huge  magnet.  In  the  ficurc  the  spher.;  r-:prcsents  the  earth 
with  its  polar  axis  horizontal,  and  the  little  mtgnc  s  shown  on  the 
surface  approximately  reproduce  the  phenomenon  of  the  varymg  dip 
in  difTerent  latitudes  as  it  was  known  to  Gilbert.  Hudson,  the  discoverer 
of  the  bay  bearing  his  name,  practically  proved  Gilbert'*  theory  by  hi» 
journey  into  high  northern  latitudes  in  160H,  though  the  actual  discovery 
Of  a   north   magnetic   pole    of  the    earth,   at    which    the    dipping    needle 

stands      vertically, 
was  not  made  until 
1831.     This    mag- 
netic pole  does  not 
coincide    with    the 
geographical  pole. 
Gilbert      also 
found    that    a   bar 
ot  iron  held  in  the 
direction     of     the 
compass     needle — 
or,  better    stil',   in 
the  direction  of  the 
dipping      needle — 
could    be   magnet- 
ised   bv    hammer- 
ing.     The    qjaint 
wood-cut    ^Fig.  2), 
ilso        reproduced 
rom      Gilbert's 

above-named  book,  i'lustrates  one  of  his  methods  of  making  the  ex- 
periment  The  blacksmith  is  engaged  in  hammering  a  piece  ot  cooling 
iron  on  the  anvil,  and  whilst  doing  so  l.olds  it  in  the  meridian  as 
shown  by  the  words  "auster"  (south)  on  the  door,  and  '•  sepcentrio 
(north)  on  the  wall  of  the  smithy  tire.  Gilbert  had  found  that  a  cooling 
bar  of  iron  so  held  might  become  magnetised  even  though  not  ham- 
mered, but  that  the  hammering  greatly  increased  the  effect  He  also 
discov.  ed  that  a  magnetised  bar  of  iron  lo^t  its  magnet. sni  when  heated 
to  a  red  heat.     The  history  of  magnetism  subsequent  to  Gilbert  will  be 

resumed  later.  . 

Early  History  of  Electricity  .-It  is  difficult  to  give  the  exia  date 
at  which  the  first  observations  of  electrical  phenomena  ^^ere  made. 
Thales  one  .>f  the  seven  sages  in  Greece,  who  was  Dorn  at  Mueius  in 
the  yea^  640  h.c,  and  who  died   in   54«   ^c.,   is  supposed   to   have   been 


Flf.  •.—Magnetisation  by  the  Eaitil. 


the  first  who  ohserveil  that  nibiR,!  i!;ibcr  had  the  poucr  of  attr.KtIiii; 
small  buclit-s.  Amber  was  known  to  the  (Ircck^  bv  the  name  "  tiektron, " 
and  from  this  name  ihe  wonl  "  ele>.tiicity  "  wa*  dciivcJ.  The  .iiuunts  mii>t 
have  been  acquainted  with  the  effects  nt  atmospheric  fkvtricity,  ai 
th'.inder storms  in  most  southern  latitude*  are  ot  trequcnt  occurrence 
and  they  .il>o  knew  of  the  St.  Elmo's  tire.  Tliey  could,  however,  have 
had  bit  little  or  no  knowledge  of  electricity,  and  the  few  phenomena 
above  noticed,  with  whicli  they  were  acquainted,  they  were  quite  unable 
to  explain,  because,  neRlecting  experiment  as  beneath  the  dignity  of 
true  philosophers,  they  confined  themselves  to  all  kinds  of  tantastic 
hypotheses. 

Gilbert's  Discoveries.— The  science  ot  electricity  remained  in  this 
condition  tor  nearly  two  thousand  years,  until  Queen  Klizabeth's  physician, 
William  Gilbert,  made  a  series  of  fresh  discoveries  of  electrical  phenomena^ 
which  won  him  the  title  of  founder  ot  the  science,  lie  discovered  that 
other  bodies  besides  amber  co-ild  be  electrified  by  friction.  Such  bodies 
he  called  "electrics."  They  included  several  precious  stones  (diamond, 
sapphire,  carbuncle,  opal,  etc.),  rock-crystal,  glass,  sulphur,  gum-mastic,' 
lac,  sealing-wax,  hard  re^in,  arsenic,  rock-salt,  mica,  and  alum.  He  was! 
however,  unable  to  find  that  the  following  bodies  were  -xcited  by 
friction,  viz..  emerald,  agate,  cornelian,  pearls,  jasper,  chalcedony,  alabaster, 
porphyry,  coral,  marble,  Lydian  stone,  *\\nts,  hajmatites,  corundum,  bones, 
ivory,  hard  woods,  metals,  and  lodestones.  He  al^o  ascertained  that 
the  production  of  electricity  was  afTected  by  moisture ;  that  hot  or 
burning  bodies  lost  all  electricity  ;  and  that  an  electrified  body  attracts 
a  variety  of  other  bodies,  whereas  a  magnet  only  attracts  steel  or  iron. 
The  latter  fact  shows  that  he  was  acquainted  wi'h  the  difTerence  between 
electrical  and  magnetic  actions. 

The  Jesuit  Nicolo  Cabeo,  Francistro,  Descartes,  and  others  studied 
electricity,  but  were  satisfied  to  establish  learned  theories  without  testing 
them  by  actual  experiments. 

Guericke  and  Boyle.— The  next  scientist  who  increased  the  list  of 
important  electrical  discoveries  was  Otto  von  Guericke.  He  was  born 
at  Magdeburg  in  1602,  studied  law  at  Leipzig  and  Jena,  and  mathematics 
and  mechanics  at  Leyden.  After  visiting  France  and  England,  and 
being  employed  as  an  engineer  at  Erfurt,  he  returned  to  Magdeburg, 
where  he  was  elected  mayoi ,  and  where  he  afterwards  made  his  experiments, 
.'n  1681  he  removed  to  Hamburg,  where  he  died  five  years  later  (ib86). 
Up  to  this  time  electrification  had  been  produced  by  taking  larger  or 
sn<aller  pieces  of  various  substances  in  one  hand,  and  rubbing  them 
with  a  piece  of  another  substance  held  in  the  other,  the  amount  thus 
obtiined  being  very  small  indeed.  Guericke  now.  however,  to  his 
disccverica  added  the  invention  of  an  electric  machine.  Having  cast 
a  globe  of  sulphur,  he  supplied  it  with  a  wooden  axle,  and  then  mounted 
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,    ,  A  A       Uf.   further   found    that    the    electnhed    sulphur    globe 

Bojles    Law    in    r  >  extended  the  list  of  known  electrics,  and 

discovered  that  electrical  attractions  can 
take  place  in  a  vacuum. 

Discovery  of  Electrical  Lumin- 
osity—About the  same  time  Picard 
observed  the  luminosity  of  greatly  rare- 
fied gases.  Experimenting  with  an  im- 
perfectly exhausted  barometer  tube,  he 
agitated  the  mercury  in  the  tube,  thus 
producing  electrifications  which  caused 
the  mercury  vapour  anu   the   remaining 

air  to  glow. 

Hawksbee,   who    lived    at    the    com- 
mencement  of  the    eighteenth   century, 
gave     the    first    proper    explanation    of 
Picard's  observations.     He  experimented 
hi     the      following     manner  :  —  Taking 
several  glass  vessels  containing  mercury, 
he  exhausted   the   air  by   means   of  an 
air-pump,   and   then    agitated    the   mer- 
cur^■       The    glow   which    was    thus  produced   inside    the    vessels    he   at- 
ributed  ':    dectricity,    and   to   test   the   point   he   was  led   to   cons  rue 
an   electrical   machine.     He  substituted  for    the   sulphur   ball    ot   Guer  eke 
a  elass  g  obe    which  he  exhausted,  and  thus,  besides  the   g^ow,  obtained 
pSs  atrn^h   long.     He   also  experimented  ^^  ^^ ^^S::^'^ 
as    sealing-wax,   etc.,   from    which    he    discovered    that  /^^^^   f  ^'^^^'^y  ^ 
these   bodies  was  not   of   •'       same   character,   though   he   did   not   go  so 
far  as  to  .co.gnise  the  po>.  ,>-e  and  negative  electrifications. 

Stephen  Gr'v(.6.6-.73e>).  a  Fellow  of  the  Royal  ^-e^>%  f /"^J^^^^ 
Httle  is  known,  was  the  first  to  draw  attention  to  the  classes  of  conduct  ng 

and  non-conducting  bodies.  K''P-"">«"^'"g  ^^^^^'^'"^f  =*",  ^/f '  't^ 
ends  of  which  he  closed  with  corks,  he  lound  tha  although  the  co  ks 
were  not  rubbed,  they  attracted  and  repelled  small  bodies  exactly  like 
The    e  ci\ed   glass   tube.     He   followed   this   discovery   up,   and   lound   out 
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the  difference  between  conductors  and  non-conductors,  or  insulators.  He 
also  .iscertained  that  the  distnhuticii  of  ei(.c:r:city  on  a  body  was  unaffected 
by  :he  mass  of  that  bcdv. 

Discovery  of  two  kinds  of  Electrification,— Charles  Fran<.ois  de 

Cisternay  du  Fay,  better  known  under  the  simple  title  of  Du  Fay,  made 
experiments  during  the  years  i-j^yi-yo,.  He  found,  as  the  result  of 
his  investigations,  that  electrified  bodies  attract  all  unelectrilied  bodies, 
electrifying  them  in  turn,  and  then  repelling  them  ;  also  that  there 
are  two  distinct  kinds  of  electrification — namely,  that  which  is  produced 
by  rubbing  glass,  etc.,  and  that  which  is  produced  by  rubbing  amber, 
resin,  sealing-wax,  etc.  He  termed  the  former  kind  vitreous  electricity, 
and  the  latter  resinous  electricity,  and  shuwed  that  bodies  electrified 
with  vitreous  electricity  repelled  one  another  but  attracted  bodies 
electrified  with  resinous  electricity  ;  these  latter  in  their  turn  repelled 
one  another.  His  e.xperiments  on  living  bodies  produced  a  great  sensa- 
tion at  the  time. 

The  Globe  Electric  Machine. — It  is  a  curious  fact  that  these  men 

were  content  to  produce  the  required  electricity  by  means  of  a  rubbed 
glass  rod,  and  none  of  them  thought  of  perfecting  Guericke's  and  Hawks- 
bee's  electrical  machines.  Litzendorf,  a  pupil  of  the  mathematical  Professor, 
Christian  August  Hansen,  proposed  to  use  in  the  place  of  the  glass  rod 
a  glass  ball,  which  might  be  rotated  by  means  of  a  wheel.  The 
professor  carried  .iit  the  suggestion,  and  thus  a  ball  was  employed  a 
second  time,  but   the  hand  was  still  retained  as  the  rubber. 

The  Prime  Conductor. — Professor  George  Mathias  Bose,  who  died 
in  1 70 1,  constructed  the  first  prime  conductc^r,  which  was  simply  an 
iron  tube,  held  by  a  person  who  stood  on  a  cake  of  resin.  This  method 
of  supporting  the  conductor  he  soon  found  to  be  inconvenient,  and  he 
therefore  suspended  it  by  silk  threads.  Observing  that  the  person 
rubbing  the  glass  ball  became  charged  with  electricity  as  well  as  the 
conductor,  he  put  a  kind  of  armour  all  over  the  person  and  let  him 
stand  on  a  large  cake  of  resin.  When  charged  the  person  began  to 
glow  all  over,  the  effect  terminating  with  a  kind  of  halo  round  his 
head.  This  experiment  was  known  under  the  title  of  the  "  beati- 
fication." Bose  also  succeeded  in  tiring  gunpowder  with  an  electric 
spark. 

Cylindrical  and  Plate  Machines.— Professor  Andreas  Gordon,  of 
Erfurt,  a  Scottish  monk,  changed  the  glass  globe  for  a  glass  cylinder  • 
and  Giessing.  under  the  direction  of  Professor  Johaiin  Winkler,  of  Leipzig^ 
constructed  a  cushion,  or  rubber,  which  consisted  of  some  woollen 
material  held  in  position  by  metal  catch  springs.  The  electrical  machine 
now  possessed  both  rubber  and  prime  conductor.  Benjamin  Wilson  (1746) 
improved  the  prime  conductor  by  .idditig  a  series  of  point-,  which  he 
termed    the   collector;   and   Cant.n    (170;)   improved    the   rubber   by    -he 
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addition  of   amalgam  of   tin.       With  the  machine  as   liui^  improved  very 
fair  results  were  obtained. 

Several  claim  to  have  been  the  tirst  to  use  a  glass  plate  instead  ot  a 
glass  cylinder,  but  Poggendorff  says  that  Planta  was  the  first  who  made 
use  of 'the  plate  machine.  Several  machines  with  very  large  plates  were 
constructed  ;  the  Duke  de  Chauliies  made  a  machine  the  plate  of  which 
had  a  diameter  of  nearly  five  feet  ;  this  machine  gave  sparks  ot  twenty- 
two  indies  in  length. 

The  Electric  or  Leyden  Jar.— We  come  now  to  the  discoverv  of 
the  electric  jar.  According  to  our  authority,  Poggendorff,  Dean  Kleist 
was  the  inventor  of  the  electric  jar.  In  1745  Kleist  brought  near  his 
electrical  machine  a  medicine-boitle,  in  the  neck  of  which  there  h.ippened 
to  be  an  iron  nail.  Holding  the  bottle  with  one  hand,  the  other  hap- 
pened to  toucli  the  nail,  and.  to  his  surprise,  he  received  a  violent 
shock  ;  he  made  several  experiments  to  trace  the  cause,  and  communicated 
with  several  people  regarding  them. 

About  the  same  time  Pieter  van  Musschenbroek  made  the  same  dis- 
covery. Musschenbroek,  Professor  at  Leyden,  observed  that  electrified 
bodies  lose  their  electricity  when  exposed  to  the  atmosphere.  To  prevent 
the  electricity  from  leaving  some  water,  he  put  the  water  into  a  glass 
bottle,  and  conducted  the  electricity  along  an  iron  nail.  Cuneiis,  at 
Leyden,  who  worked  with  Musschenbroek,  happened  to  hold  this  bottle 
in  one  hand  in  order  to  charge  it,  and  on  removing  the  bottle  from  the 
conductor  he  touched  the  conducting  wire  with  the  other  hand  ;  he  then 
received  a  shock  like  Kleist.  Musschenbroek  repeated  the  experiment, 
but  got  so  frightened  that  he  wrote  to  Reaumur  :  "  not  for  the  imperial 
crown  ot  France  would  he  expose  himself  a  second  time."  Reaumur 
mentioned  the  fact  to  the  Abbot  Rollet  in  Paris,  and  he  it  was  who 
introduced  the  term  Levden  jar.  Winkler,  Grabath,  Le  Monnier,  Bevies, 
but  especiallv  Winkler  in  Leipzig,  worked  at  the  subject.  Dr.  Bevies 
conceived  the  happy  thought  of  covering  the  outside  of  the  jar  with 
tinfoil.  After  some  time  he  tried  to  ch.irge  a  glass  plate  covered  on  both 
sides,  and  received  when  discharging  it  a  violent  shock.  This  caused 
Sir  William  Watson  to  construct  for  the  first  time  a  perfect  Kleist,  or 
Levden  jar.  Watson  covered  earthenware  vessels  with  tinfoil  almost  up 
to 'their  edges;  he  knew  that  the  efficiency  of  the  jar  depended  on  the 
surface  of  tinfoil,  but   about  its   mode  cf  action  he  had  no  exact  ideas. 

Franklin's  Discoveries.— Benjamin  Franklin  explained  this  action, 
and  made  importan!  discoveries  regarding  the  Leyden  jar.  He  found 
that  an  insulated  ball,  after  contact  with  the  inner  coating  of  the  jar, 
was  repelled  by  the  outer  coating,  and  vice  versa.  He  suspended  a  cork 
ball,  which  received  its  charge  from  the  outer  coating,  and  iound  it  to 
be  repelled  by  a  wire  in  connection  with  the  inner  coating  ;  he  further 
made  wires  from   the    outer   and    inner  coating   come    within   an    inch   or 
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so  ot  c:\ch  other.  Between  these  wire>  ho  Mispended  tlie  cork  ball, 
wliich  ...-LiliateJ  until  the  j.ir  liad  lo>t  all  its  eloctricit\-.  I  )n  tl'.e  basis 
ot  tiu-c  experiments  Frr^:  riliii  tried  to  explain  the  behaviour  ot  the 
Levik-:  i.ir.  At  the  same  time  he  laid  down  a  law  ot  electricitv,  that 
when  twii  oppositely  charged  cnnductors,  separated  bv  an  insulatnr.  are 
brousTht  near  together  they  will  attract  eacl)  other.  Fr.mklin,  one  of 
America's  greatest  citizens,  was  boin  in  1706.  On  his  statue  is  the 
appropriate  epitaph,  "He  snatched  the  lighttiini;  from  heaven,  and  tlie 
scejnre  from  tyrants."  His  crowning  invention  was  the  lighining  uuii- 
ductor.  He  thought  liglitning  to  be  nothing  more  than  an  ennrmnus 
electrical  spark,  though  he  wa.<  not  the  ^l!^t  to  entertain  this  idea  ;  we 
know  that  Wall,  Kollet,  and  Winkler,  in  particular,  reasoned  in  the 
same  manner  ;  but  he  was  the  first  to  give  clear  and  distinct  cxjil.ma- 
tions.  and  to  pr.ipo.se  experiments  to  prove  them.  Franklin  was, 
however,  forestalled  in  the  experiment  which  lie  proposed  ;  the  first 
who  actually  made  the  experiment  were  the  F-Venchnien,  I)alibraud 
and   Delor. 

Franklin,  for  the  purpose  of  verifying  his  theories,  commenced  ex- 
periments (1752),  which  enabled  him  to  give  directions  for  tlie  praeti^al 
construction  of  lightning  conductors.  The  best  known  ot  these  experi- 
ments are  those  in  which  he  used  kites  for  the  purpose  of  establishing 
electrical  connection  with  thunder-clouds  and  the  upper  lavers  of  tlie 
atmosphere.  Franklin's  kite  was  made  of  silk,  so  that  it  should  not 
be  damaged  by  rain,  and  had  a  sharp  pointed  wire  lixed  as  a  collector 
on  the  top.  On  the  approach  of  a  thunderstorm  he  flew  his  kite  in 
the  ordinary  way,  and  with  ordinary  twine  for  string  ;  an  iron  key  was 
hung  at  the  end  of  the  twine,  to  which  also  was  tied  a  length  of  -ilk 
ribboti,  which  acted  as  an  insulator,  and  was  kept  dry  by  being  brought 
under  the  cover  of  an  open  shed.  When  the  twine  became  sufficiently 
conductive  by  being  wetted  by  the  rain,  sparks  were  drawn  from  the 
key,  and  all  the  usual  known  experiments  of  the  laboratory  were  made, 
the  key  behaving  like  the  prime  conductor  of  an  electrical  machine.  In 
this  way  the  identity  of  lightning  with  the  electric  spark  of  the  labora;  -v 
was  established.  As  regards  lightning  conductors  PVanklin  rea,soned  tliu- : 
—Knowing  that  lightning  and  the  sparks  produced  with  the  electrical 
machine  were  identical,  he  thought  if  it  were  possible  to  conduct  electri- 
city from  the  clouds,  it  would  be  equally  possible  to  rob  it  of  its  destructive 
power.  A  spark  being  only  produced  along  a  conductor  that  has  a  break 
in  i;.  or  which  is  too  weak  in  itselt  to  render  this  electrical  spark  harmless, 
it  would  only  be  necessary  to  use  metal  rods  of  sufficient  strength  or 
conductivity,  and  to  have  them  well  connected  with  the  earth.  Winkler, 
in  Germany  (1753),  warmly  urged  the  erection  of  lightning  conductors. 
Through  hi>  influence  a  clergyman  had  the  first  lightning  conductor 
erected  near  his  hous^i.     Untortunately    the  summer    ..t     17;^     « .1^    very 
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Irv.   ami    tlic   MiiHr-uiious  pe^i^aiitrv  asoilKil   it   to  Ui>>  h-litiiine  r...l,  aiul 
were  not  satistkd  until  they  saw  it  removed. 

Richmann'S  Death.— Prolessor  Kichmann,  at  St.  Petersburg,  had  in 
hi-  loi.m  an  nisulatcil  iron  rod  erected  tor  the  purpose  of  studvinj;  atmo- 
spheric elcctric:tv.  During  a  thunder.storm  in  August,  1753.  Richmann 
approached  to  observe  his  rod,  when  a  large  spark  or  ball  of  fire  ru>!i--d 
from  it  and  killed  him  on  the  :POt.  His  engineer,  SokolotT,  who  was 
present  at  the  time,  was  thrown  to  the  ground,  but  recovered  after  a 
short  time.  De  Romas,  in  France,  experimented  on  atmospheric  electricity, 
but  with  greater  care.  Like  Franklin,  he  used  a  kite  ot  large  dimensions. 
The  line  by  which  he  held  this  electrical  kite  had  wire  twisted  round  it, 
and  terminated  in  a  rope  ot  silk  ;  to  the  extremity  of  tlie  wire  rope 
he  attached  a  cvlinder  of  sheet-iron.  With  this  appa^atu^  he  obtained 
remarkable  results.  In  .August.  1757,  by  using  t  similar  discharger,  he 
obtained  .sparks  ten  teet  Ion;.;.  The  sad  late  ot  hmann  c.iused  a  great 
sensation,  but  did  not  prevent  men  like  Le  .Monnier,  Beccana,  and 
Cavallo  from  c<intiniun,i;   their   cx,)erinients. 

Electrometers.— The  use  of  electricity  in  medicine  w.is  br.. tight 
forward,  and  wavs  of  measuring  electricity  were  diligently  tried.  The 
first  electrometer  was  constructed  by  JOin  Canton  (who  lived  from  1718 
to  1772  in  England);  it  was  the  well-known  pitli-ball  electrometer. 
Sexcial  others  constructed  electrometers  in  principle  like  Canton's. 
Tile  mathematical  tlieorv-  of  their  action,  however,  was  not  clearly  under- 
stood, and  therefore  exact  quantitative  results  were  not  obtained.  In  fact, 
although  dignified  with  the  name  electrometers,  thev  were  little  more 
than  electroscopes. 

Repulsion  bi :  ween  two  pith  b.dls  was  observed  when  a  charged  body 
was  brought  near  them :  this  phenomenon  was  studied  and  explained 
by  .-Epinus  and  Wilke.  They  further  considered  that  they  had  proved 
that  one  of  Franklin's  notions  about  the  Leyden  jar  was  incorrect, 
namely,  that  in  which  he  .ittributed  the  behaviour  of  the  jar  to  the 
peculiar  structure  of  the  glass. 

Symmer's  Theory.— rhe  science  of  electricity  was  advanc.  1  not  a 
little  during  the  period  of  silk  stockings.  Robert  Synimer  vl75<^)  used 
to  wear  silk  stocking^,  and  always  two  pairs  at  a  time,  one  white  and 
the  other  black  ;  whenever  he  pulled  one  pair  from  the  other  he  heard 
a  crackling  noise,  which  he  attributed  to  electricity  ;  he  found  also  that 
stockings  of  the  ?ame  colour  repelled  each  other,  and  those  of  different 
ci'lours  attracted  each  other.  Although  these  facts  proved  nothing  new, 
Svminer  was  led  to  take  up  again  Du  Fay's  theory,  that  there  are  two 
different  kinds  of  electricitv.  To  prove  this  theory  Symnier  sent  a  spark 
through  paper  and  examined  the  perforation.  The  edges  of  the  hole 
which  the  spark  had  made  were  turned  up  on  both  sides  e;  the  paper. 
According  to  Franklin's  theory,  this  fact  could  not  very  well  be  explained : 
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Symmer  explaiiu-d  it  hv  a>MiiiiinK  that  "in  an  electric  discharge  iwo 
streams  (if  electricity  tiow  in  opposite  direction-."  Although  he  could 
only  propose  this  one  experiment  to  maintain  his  theory,  electricians 
considered  it  conclusive.  Franklin  was  kind  enough  to  send  Svmmer 
an  appara.  which  he  thought  might  aid  him  m  establishing  his  theory, 
though  opposed  to  his  own.  Symmer^.  or  rather  Du  P^ay''  tl'cory, 
received  turther  support  by  Lichtenberg's  di-covery  ol  electrical  dust 
figures  in  1777.  These  du<t  figures  assume  difTcrent  shapes  when  first 
produced  by  positive,  and  then  by  negative  electricity,  and  vice  rersd. 
Lichtenberg  also  introduced  the  terms  -f  and  — ,  which,  however,  had 
been   previously  proposed  bv  Sir  William  Watson. 

The  charging  of  coated  insulators  and  the  improvement  of  measuring 
inMrument>  now  received  attention.  Volta  constructed  the  electrophorus. 
which  led  him  on  to  the  discovery  of  the  condenser,  an  instrument  so 
called  because  it  was  supposed  to  coiuleiise  electricity.  Its  action  is 
precisely  similar  to  that  of  the  Leydeii  jar.  Volta,  in  1781.  also  devised 
the  straw  electroscope.  P.oth  Rennet  and  Volta  suggested  the  use  of 
the  condenser  and  the  electroscope  combined. 

Cavendish  and  Coulomb.— Exact  quantitative  work  in  electricity 
received  a  great  impetus  by  the  researches  of  Cavendish  in  England  and 
of  Coulomb  on  the  Continent.  Many  of  Cavendish's  brilliant  researches 
were  lost  to  his  contemporaries  by  his  neglect  to  pibli=h  them.  He, 
however,  published  in  1771  important  contributions  to  electrical  theory, 
amongst  them  being  an  ingenious  null  method  by  which  the  law  of 
inverse  squares  was  proved  to  a  high  degree  of  accuracy.  He  also  was 
the  first  to  make  quantitative  measurements  on  electrical  resistance. 
One  of  his  experiments  gave  the  specific  resistance  of  water  as  400,000,000 
times  the  resistance  of  iron.  Charles  Augustine  de  Coulomb  (born  in 
June,  1736)  published  in  1784  the  results  of  his  celebrated  researches 
on  the  force  of  torsion  and  elasticity  of  metal  wir^s.  He  con.-tructed 
shortly  afterwards  the  torsion-balance,  an  instrument  still  in  use,  and 
which  will  be  more  fuUv  referr^il  to  in  due  course.  After  Coulomb's 
researches,  nothing   w;i-  .iddeo  e  knowledge  of  statical  electricity  for 

a   considerable  time. 

Animal    Electricity.— Son  ectrica!     phen      jna    in     the     animal 

kingdom  were  simultaneously  receiving  arrenrion.  Reaumur  (about  1714) 
poiiited  out  that  the  electrical  shad-ti.~h  was  capable  of  imparting  violent 
shocks.  These  he  attributed  to  the  muscular  power  of  the  anitnal's 
tail.  It  w.is  afterwards  assumed  that  these  shocks  might  be  of  an  elec- 
trical nafire,  and  this  was  proved  experimentally  by  Dr.  John  Walsh 
m  177^  He  experimented  on  the  electrical  shad-fish,  and  showed  that 
in  order  to  obtain  the  .shock  the  tish  must  be  touched  on  both  sides  at 
the  same  time.  Manv  experiments  in  different  directions  were  made 
»o  solve  the  problem   as    to    the   source   of    the    electricity  of  the  torpedo 
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and   electric   eel,   but   even    up   to    the    present    time   much    uncertainty 
prevails. 

Galvani  and  Volta. — Luigi  Aloisio  Galvani  (born  1737)  made  some 
important  discoveries  througii  noticing  the  motions  of  a  frog's  leg. 
When  published,  his  experiments  and  explanations  were  much  talked  of, 
and  a  scientific  war  coniinenced  between  Galvani's  and  Volta's  followers. 
Alessandro  Volta  was  born  1745,  and  first  published  the  results  of  his 
researches  between  1760  and  177 1  ;  this  brought  his  name  before  the 
public.  Poverty  and  disease  prevented  Galvani  from  following  up  his 
discoveries.  Volta  made  experiment  after  experiment,  which  ultimately 
resulted  in  the  discovery  of  the  pile.  In  1800  he  informed  the  Royal 
Institution,  London,  of  his  invention.  The  value  of  Galvani's  and  Volta's 
discoveries  will  be  best  understood  in  following  the  further  growth  of 
that  particular  branch  of  electrical  science  in  which  the  electric  current 
plays  such  an  important  part.  V'olta  and  G"'.vani  no  doubt  laid  the 
foundation,  but  to  complete  the  structure  required  such  men  as  Oersted, 
Ampere,  and  Faraday. 

Oersted's  Discovery. — It  has  been  said  that  an  apple  falling  to  the 
I  nd  caused  the  discovery  of  the  law  of  gravitation  ;  the  motion  of  a 
frog's  leg  led  to  the  discovery  of  methods  of  generating  i  steady  electric 
current  ;  chance  led  Oersted  to  observe  the  influence  an  electric  current 
has  on  the  magnetic  needle.  Are  all  these  discoveries  to  be  attributed 
to  chance  onlv  ?  And  how  is  it  to  be  explained  that  these  so-called 
chances  only  happen  wit';  great  men  ?  Whewell  says,  in  his  "  History 
of  Inductive  Science,"  "These  accidents,  if  accidents  at  all,  are  more 
like  the  >park  that  sends  the  charge  of  a  <jun  lo  a  directed  aim."  The  fact 
is  that  it  is  the  man  who  has  been  trained  to  use  his  .eyes  and  to  observe 
all  that  is  passing  before  him,  whose  mind  is  alert  to  any  variation  in  the 
results  which  he  is  expecting  —  in  short,  it  is  the  man  who  can  see  to 
whom  such  discoveries  fall.  They  are  not  accidents  or,  in  any  but  a  remote 
degree,  the  results  of  chance.  Manv  apples  had  fallen  to  the  ground  before 
Newton's  time,  and  doubtless  magnetic  needles  hail  been  deflected  by  electric 
currents  before  Oersted  noted,  and  realised  the  significance  of,  the  effect. 

Hans  Christian  Oer>ted  was  born  1777  ;  his  most  important  discovery 
was  that  of  electro-magnetism  (i8iq).  Oersted's  discovery  explains  the 
magnetisation  of  iron  rods  through  wiui.h  lightning  has  passed,  and 
also  explains  the  polarisation  of  magnetic  needles.  Ampere  t"ok  great 
interest  in  Oersted's  discoveries,  and  through  tliem  was  finally  led  to 
his  celebrated  theorj'  of  electro-dvnamics.  Ampere's  theory  was  not  so 
readily  accepted  by  his  contemporaries  as  might  have  been  expected.  In 
i8i2  Schweiggcr  constructed  a  galvanometer,  and  Professor  Seebeck 
discovered  thermo-electricity.  George  Simon  Ohm.  b.n  1787.  laid 
down  a  law  (1827)  for  electric  circuits,  and  Arago  (i'<24)  published  the 
results  ot  his  researches  on  the  magnetism  of  rotation. 
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Properly  speaking,  the  earlv  lii-inv  ot  electricity  comes  to  a  close 
here;  all  these  discoveries  are  part  of  the  modern  ilevelopment  of 
electricity,  ant^the  science  o(  electricitv  ci'iiiiiunces  with  them  and  the 
results  ot  the  researches  of  I-avy  and  l'"arailay.  The  one  who,  as  it  were, 
prepared  the  ground  was  Sir  Humphry  Daw  (born  in^)-  His  researches 
recarding  the  influence  of  the  electric  current  on  chemical  compounds 
were  benun  in  i8ob,  and  led  him  to  the  deconi|)<isition  of  tlie  alkaline 
earths  .md  the  discovery  of  the  aik.iline  metals.  Chlorine  was  found  to 
be  an  element,  and  the  products  of  decomposed  bodies  to  have  electro- 
p. i^itive  arid  electro-negative  properties.  This  observation  led  to  the 
electro-chemical  theory.  Although  water  was  decomposed  by  Carlisle  and 
Nicholson  in  1800,  no  proper  explanation  of  the  result  could  be  furnished 
until  Davy  proved  water  to  consist  of  oxygen  and  hydrogen  only. 

We  owe  to  Faraday,  his  ))upil,  the  further  working  out  of  Davy's 
notions.  Michael  Faradav  (born  1791)  was  no  doubt  one  of  the  greatest 
phvsicists  that  ever  lived.  We  need  not  go  into  the  details  ol  his  dis- 
coveries in  many  other  branches  of  science.  For  us,  his  name  is  chiefly 
associated  with  the  laws  of  electro-statics  and  masneto-electric  induction. 
The  enormous  importance  of  his  discovery  of  induction  may  easily  be 
seen  by  pointing  to  the  present  conditio:)  of  electro-technics,  i.e.  to  the 
telegraph,  telephone,  and  dynamo  machine. 
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PRINCIPLES    OF   MAGNETISM. 

I. HI.EMENTARY     FrXnAMKNTAI.    PHENOMKNA. 

The  Lodestone.— There  is  a  certain  ore  in  nature  termed  by  mineralogists 
magiietue,  and  having  the  chemical  compt.Mtion  denoted  by  th-  formula 
Fe,0„  which  possesses  certain  remarkable  properties.     If  we  take  a  piece 

of  this  ore  which  has  been 
/^^'^t  shaped  a  little,  and  plunge 

it  into  iron  filings,  fringes 
of  the  filings  adhere  to  it 
in  two  places.  If  we  sus- 
pend it,  so  that  it  can  turn 
treely,  as  by  placing  ii  in 
a  chair  or  saddle  of  paper 
hung  by  a  fine  torsionless 
thread,  or  by  floating  it 
on  cork,  it  sets  itself  with 
these  places,  pointing  nearly 
north  and  south.  All  these 
properties  we  imply  when 
we  call  it  a  lodestone,  or 
natural  magnet.  Ifwedraw 
the  part  of  the  lodestone 
where    the    filings    adhere 
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thr-e  or  four  times  along  a  small  sewing-needle,  it  communicates  its  pro- 
perties to  the  needle.  The  lodestone  gives  the  needle  some  power  it  had 
not  before.  We  describe  what  we  have  done  to  tht  needle  by  saying  we 
have  magnetised  it,  or  have  imparted  magnei:M«  to  it.  Hence  we  have 
natural  magnets  like  the  lodestone,  and  artiticial  magnets  like  the  sewing- 
needle.  In  what  follows  we  shall  employ,  in  the  place  of  our  irregularly- 
shaped  natural  magnet,  a  regular  bar  of  steel,  made  a  magnet  by  being 
drawn  across  another  magnet,  oi  by  one  of  the  electrical  methods  to  be 
subsequently  described.  An  artiticial  magnet,  such  as  this  bar  magnet, 
possesses  the  same  three  properties  as  the  lodestone:  i.  It  attracts  iron. 
2.  When  freely  suspended,  it  sets  in  a  particular  direction.  3.  When  we 
draw  it  along  a  piece  ot  steel,  it  makes  the  steel  a  magnet. 
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Fix-  ].— Iron  Filings  adlMring  to  Bar  MacnH. 


The  Poles  of  a  Magrnet.— Some  simple  experiments  will  help  us  to 
exainiiic  luort-  clearly  these  maRiietii.  phenomena.  Fig.  4  represents  an 
iron  ball  su>periJeJ  by  a  silk  thre..J  tn>'n  a  wnoden  stand.  If  w.;  bring 
a  nuignet  near  this  iron  ball  the  irun  ball  is  attracted  by  it,  and  held 
in  contact.  It  we  substitute  other  sulvtances,  as  stone  or  brass,  for 
the  iron,  the  m;ii;net  exercises  no  power  o%er  them.  If  we  now  su?pcnd 
the  maj;net  in  the  same  way,  and  briajj  a  piece  of  iron  near  it,  the 
magnet  move^  towards  the 
piece  of  iron,  l-'roin  these 
experiments  ue  conchuie 
that  the  iron  and  the 
magnet  attract  each  other, 
but  that  the  magnet  is  not 
influenced  bv  other  Mib- 
stances.      If   we   !iow    bring 

our  iron  ball  near  different  parts  of  'he  magnet,  we  soon  observe  that 
the  two  en(l=  i>t  the  magnet  influence  the  iron  ball  at  a  considerable  dis- 
tance, whilst  the  centre  of  the  magnet  has  no  (wwer  over  the  b.ill.  The 
magnetifm  is  thus  not  evenly  distributed  over  the  bar.  The  distribution 
of  the  attracting  force  along  the  magnet  is  roughly  shown  by  plunging 
the  magnet  in  iron  tilings,  when  th.cv  adhere  to  it  in  the  manner  shown 
in  Fig.  5.  The  fringe  of  iron  hliiigs  is  thickot  at  the  ends  of  the 
magnet,  while  in  the  centre  there  are  none.  The  c^tremities  of  the 
magnet  are  leimed  its  /('/,«  ,•  the  central  sp.ice  where  no  lilings  are  touiid 
is  ternied   the  luutral   zone. 

Declination.— We  further  observe  that  our 
suspended  magnet,  or,  better  still,  a  magnetised 
knitting-needle,  as  shown  in  Fig.  6,  takes  up  a 
definite  position  relatively  to  the  earth,  the  di- 
rection being  approximately  north  and  south. 
The  pole  pointing  towards  the  north  pole  ot  the 
earth  we  term  the  north-seeking  pole,  and  that 
pointing  to  the  south  we  term  the  south-seeking 
pole.  Exact  measurements,  however,  have  shown 
this  direction  not  to  be  exact/v  north  and  south  ; 
and  the  angle  contained  by  the  magnetic  needle  and  the  true  meridian  is 
called  the  cieclinntion  or  ratiation,  the  line  in  which  the  needie  lies 
being  known  as  the  m  'pietic  meridian.  Thus  the  declination  or  varia- 
tion's the  angle  contained  between  the  geographical  and  the  magnetic 
meridians. 

The  term  declination  is  usually  employed  by  landsmen  and  for  scientific 
purposes,  but  mariners  use  the  term  variation.  The  reason  is  that  one  of 
the  angular  co-ordinates  of  the  celestial  bodies  is  called  the  declination,  and 
to  avoid  the  remotest  chance  of  any  error,  by  which  human  lives  might  b« 


Ftg.  6.— Suspended   Mai;nrtic 
Needle. 
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Wg.  7.  — Magnetic  Needle. 


loM,  it  has  been  .iniccd  that  m  M.iutic.il  literature  the  word  declination  shall 
be  restricted  to  this  u-c  and  that  the  macnetic  declination  shall  alwuvs  be 
referred  to  as  the  variition  of  the  cf.mpass. 

Inclination,  or  Dip.  -  l"ii«-  a  piece 

ot  unniagnetised  knitting-needle  steel 
and  balance  it  carefully  so  that  it  lies 
horizontally  on  a  pivot  or  at  the  end 
of  a  torsionless  thread.  N'lW  dismount 
it,  magnetise  it,  and  restore  it  to  its 
former  position.  It  will  be  found  that 
the  pivoted  or  suspended  magnetised 
needle  does  not  remain  horizontal,  but 
that  it  is  quite  out  ot  balance,  and  that 
one  end  dips  downward  ;  the  anyle  which 
the  axis  of  the  needle  make-  with  the 
horizontal  plane  is  known  as  t!u  din,  or 
inclination.     In  our  latitudes  the  north-seeking  pole  points  d' \  nward. 

Declination  and  inclination  vary  with  time  and  place  I'he  declin- 
ation for  Europe,  Africa,  and  the  Atlantic  Ocean  is  west  ;  that  i-.  the 
north-seeking  pole  of  the  needle  points  west  of  true  nortii.  The  declin- 
ation for  America  and  Eastern  Asia  :=  cast.  In 
the  northern  hemisphere  the  north--CL-king  pole 
points  downward  ;  in  the  southern,  the  south- 
seeking  pole  points  down.  P'uller  particulars  of 
these  variations  will  be  given  in  the  M.ction  on 
Terrestrial  Magnetism  (see  page  37). 

Mag-netic  Needles.— T'.c  form  of  a  magnetic 
needle  arranged  t'i  shov  the  magnetic  meridian 
is  represented  in  Fig.  7,  where  the  needle  moves 
upon  a  perpendicular  a.\is  or  pivot  a  .'•.  A  dip- 
ping needle  arranged  to  show  the  inclination  is 
shown  in  Fig.  8,  where  the  needle  .?  ;;  turns 
upon  the  horizontal  axis  a  d.  When  u-cd  it  must 
be  set  so  that  the  plane  in  which  the  needle 
swings  contains  the  magnetic  meridian,  as  indi- 
cated by  a  horizontally  moving  needle.  Fig.  9 
represents  a  simple  compass.  It  cun-i!t>  of  a 
magnetic  needle  resting  011  a  steel  pivot,  protected  by  a  bra^s  case 
covered  with  glass,  and  a  graduated  circle  marked  with  the  letters 
N,  E,  W,  S.  to  indicate  the  cardinal  points  ;  a  f>  i^  a  lever  whicb.  irre^ts  the 
needle  bv  pushing  it  against  the  gla-s  when  the  button  d  is  p^e^5ed.  The 
mariner's  compass,  the  princijile  uf  which  is  shown  in  Fig.  10,  is  mnx-  c  im- 
plicated ;  it  con^i>ts  of  a  c.ird  pivoted  at  C  en  a  vertical  a.\i-.  and  directed 
by  ii.i\iiig  on  u-  lower  Mulace   luu  or  uioie  j).4jaiici  uianiicl?.      i  Jie  uji|icr 


Inclination  Necdl< 


Tiin  Macsf.tic  Compass. 


n 


surface  of  the  card  !■*  ilividcd  into  .ksrcts,  aii.l  .iN.t  into  tliirtyfwo  p.irn 
of  1 1  J'  each.  The  pivut  ,.n  wliith  r  re^ts  ri-t-s  fr..m  the  hi.ttuin  .  .1  .i 
h"ul  II,  lif.ivii.  weighted  with  lead,  and  muunled  ulj 
remain  hori^'cintal  wliatcvcr  tlic 


"  yimhals,"  so  as  to 


po-iiidii  (if  the  ship.  'I'hc'C 
gimtials  c<i;)si>t  ot  two  >li(irt 
axles  X  X,  opposite  one  .mother, 
whi>.ii  work  in  hearings  in  the 
flat  riiin  K  K,  whiih  in  its 
turn  is  carried  bv  a.xlts  v  v, 
pl.ii.ed  at  the  ends  of  a  dia- 
Micter  at  r'  ;iit  angles  to  x  x, 
.ind  workiiiij  in  hc.iriiij,'s  in 
the  outer  case.  A.s  a  conse- 
quence of  this  mounting,  in 
wh.atever  w.iy  the  outer  case  be  tilted  the  upper  surtace 
remains    liorizontal.      The    presence   of   any    iro;i    m    steel    ii 


Fir.  g.-  SInipI..  Compa. 


f   the   bowl 
tlie    neit;h- 


has    been    said    tli.it 


a    niaiiiict 


bourhood  of  the  compass  alters  the  direction  of  the  magnetic  force,  .iiid 
causes  what  is  termed  a  devuiti'm  of  the  north  .ind  south  line  troin  "the 
magnetic  meridian. 

Mutual    Action    of    Mag-nets.— It 

possesses  the  power  of  attracting  iron, 
the  torce  with  which  it  d<ies  '.his  being 
strongest  nearest  the  poles,  and  dimin- 
ishing towards  the  middle  until  it 
bceotnes  zero.  There  is  no  ihfTereiice 
between  the  poles  of  a  magnet  in  tin- 
respect,  but  there  is  a  further  action 
between  magnets,  which  we  now  pro- 
ceed to  describe. 

Having  marked  the  not.  .-seeking 
end  of  two  magnets,  let  us  suspend  one 
of  them  as  in  Fig.  6.  If  we  bring  a 
piece  of  soft  iron  tiria  to  oiu-  end  am' 
then  to  the  other,  we  find  tliat  it  i 
attracted  at  both.  Now  take  n  the 
other    magnet,    and    present    its    marked 

end  to  the  marked  pole  of  the  suspended  m.i-nct.  The  resulting  action 
IS  not  attraction,  but  repulsion.  If  we  turn  the  unm.irked  end  to  the 
unmarked  end,  the  one  repels  the  other,  as  before.  If  we  next  brin.'  me 
marked  end  of  one  to  the  unmarked  end  of  the  ..ther,  we  get  attr.Ktion 
and  not  repulsion. 

Hence,  there   is   a   difTerence   in    the 
''f  a  non-magiicliscd  piece  of 
2 


m    tlie    actions   on    a   suspen 
iron   and    ut    another    magnet. 


-d    magnet 
llie   non- 


J 


H 


tX 


/?/  /  r/A'/ 


.,,,.;  1-  ;.V    ;///■•    .S'/M/Ct   I'Jf  i'^-^-^'' 


1         I        hilt     the    aclif>n    txjtwcen 

two    .na«nc.,    .,    .-t    ..uUc    -"l''-^,^,^    ,,,    ,„.,U.->cck.nK    e.ul    rc^cU 
refit-/,   but    .iisumtl.ii    |'"lc>    <*//'-',;.     n'  soulh-sitkuic 

,.,ul.    wlnlc    the    ..orth.^cckM-K    c.ul    allraU,    the 

•n,c.c  cxi-cnncnl,  cable  u,   to    .ha       •  c.Muliti.m    .  f   a    p-ece 

/,.,</.-.    a.ul  ,n.,,.,t..    a.ul    to    cxam.ne    "^     "''^;^;';,     „,,  i.,  the  p.ccc  of 
o.  i......     iMr^t  prccnt  the  .u.rth-.eek.n«  p    c        a     uk     ^^^^^^^^    ^^^^   ^^^^^^^ 

iro,..    a.ul    then    the    .outh-.c..k>n«    .-'-  '^         „,^.    ,    ,„,^„et..    body. 

.,Kl  ot  the  .ro„,   the  latter   .    ,^  a  -'^^"^  1^  ^  ^^^      ,„,   ..[^^.r,   .t   is   a 
I,,    however,    >t    repels   one    ot      he    encU    , uu     "  "^         ^.^^.^^,         ,„a   one 

^•"C  Earth  a  Ma.net.-The  -^;^Z  ^^X  ^^^J^^  STZ 

U,r    the    tuel    that    when   a  magnet        '^^"-      •".,,,    .^     ,„ost    parts   of 
poMt.o..    ponUH,,    north    and    south       h"cc     ^  ^^  nrst   show.,   by 

;,.  earth  tend  to  ^•"^  ^"i;/';^/^  '^ ,  L,  m^:;  possess  a  d.stinet 
Gilbert     U-r    page    4>.    that     the     '^a"  '  ^y^.   ,1,^,1   .eter   later 

n,a«.>etie  north  pole  and  a  n>a«net,c  -  "* ;  f ;,,.  „^,i,  pole,  but  we 
on  (page  4-')  '-  the  actual  pos.t.ons  o  ^  -«  '"''S^^  J  ^^^^  ^^at 
here 'encounter  a  d.thculty  :  U  ^^^^^^J^.  opposite  rrt  character 
the  .nagnetiMn  oi  the  '-'^^^''^  ."^  ^^.j:^:""  ,m  s.n'lar  to  that  of  the 
to  that  ot  the  north-seeking  end  ot  tl «-  '"^g>  ^^  a  ^^  between 

south-seeking  end.  In  what  t^.'-"  ^'^^"^^  ^^^.Vat  the  satne  time  call 
these  oppo.te  kh.ds  ot  ""«'f '^" /^^^^^t.^d  "he  pole  of  the  earth  t. 
both  the  north.>eek,ng  pole  ot  ^  "^S^^^J  ^^J,  Zr..^  each  other  are 
which  .t  ponits  n<.rth  poles,  lor  ''^'■•/^f^^  ^^'^  V_  ..-er  this  d.tV.culty, 
dissintUar.^  There  are  ...ous  ^^^^^^^^^'l  eonfusiou,  we  shalV 
but  as  they  ahvay,  'f  \  ^"  ^""^'l^^.T^^^^^^^^ 
.nerelv  refer  to  the  ends  of  the  ""«"^\  ;;7,  ^  „,,,h   magnetic   pole   of 

and  ask  the   student    to  bear   m    "'"J;^^^    V^J  ,,,,.,.  ^^gnetic  properties 

the  earth  and  the  north-^eekmg  pole  ot  a  magnet 

ot  opposite  ^i-;acter-they  ^^ ^:^'j:  ^^  ^  foregoing   expernnents 

Magnetic  ^"^"Ction.-lt  «c    a^y  j^^,^  ,i,,,  u,  a  mag- 

and  exanunc  the   c  .ndition    "        P    ^  «'  ^^ ^\.    ^,,,,,,ed,   but    becomes    a 
„,t^   ,ve   i  'at   the    s.>tt    iron     s   .1     _  ^^j^.^,^    ^^^^,^   „^,ght 

magnet   it  .     ^We    o.   ^^'"^  "^^^f  ^"^'\",,^!  the   magnetic    eflect    in 

attract    a   t..         .  .e.e   ot    iron       nd     o   on       J  ,,,,,.     Thus,  in 

each  succeeding    piece  is   less   than    that   in  P         ^^^^   ^^^^  ^^^^    ^^^,. 

Fig.  ri,   if    N  s  .s   a   steel  ""Jj-^  ;  "^^^  ^^,; ^^d    from    the    end    of    a 
.t'then   a   string    ot    iron   nads    urn    be    -  p^      ^  ^^^,,^^,.„^   ,1, 

whilst   N  s   is   in    position.      On    the    maj,. 
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the.c   pieces   of    iron    become   .l.,,.claa    tro,„    each    other,    sh  ,«,„«    that 

they  were  unl"    rnanncM.c.l    wiien    the    first    piece    u-as    cln„-    to   the  n>  u- 

.at      AKa.n    ,t  uc   H.spc.l  an  in,,,   bar  ..vcr  .   surface  covered   with   >run 

>...«>,  the    nl,n«,   and    .ron    bar    have    „„    .uti.w,    .,,.„.    ,,,,,    ,„h,,  ;    bu 

■  t    uv   now   Mup.nd  a   .na^net  ,,^..r   the    .ron    bar   the   filings   are    altruted 

n    the  ,ron   bar    even    when    it   d..,    n„t    touch    the    „,a,,at.     Th.    ^.Ic' 

-    ....    lo^c  ned    bv    p  aa.,K    between    bar    and    n,a«net    a    ,heet    ..f  ^la^s. 

".....ur  pa-tebn^r<!.      I  he   tibn^,    n.nvcver,  t.dl   (ro,n   the   ba,    nnmedutelv 

.n    the   ,.,a«net   b,-.,,,  withdrawn.     If  .,    „,.,„    ,,  ,,^^,,,,„   „,;';', 

u..uhf„n  ,„  the  bar  o,   ,r„n   whiKt  the    ,na«,vt    i.    near  it.   we  can  d     so 

I.    ..u-n-  ot   a  dedwMt.on   needle,  and    we   .,nd   that   the    ,oIe.  „.    ,    ..st 

-■     -->I.-CK".«    pole.    V    ,„   the    n,a«ne..    i.   a    n...  th  s,,ti„,;   ,,.,,, 

the  otlier  pole,   -T.   a   vxith-HekiiiR  p,,i^.  *•     '        ' 

Fro,,,  th„  we   i„fer   that    the    ba>    of   iron    has   beco.nc   a 
tP.L     time     beiiii;. 
M  It  hout    actuall  V 
heing     touduil     hv 
l!ie    inajTuct.       Oiir- 
iiiU  all  these  experi- 
ment-   the    ori>;i,ijl 
in.ii;,iet   ,n,i\-  be  ou- 
ser\ed   to  have   io-t 
nothing  of  its  power. 
It    is  neither  weak- 
ened  by  beint;   used 
t.     ,nagnetise   a    piece   of  steel,    nor    by   acting    inductivelv    on    soft    iron 
Uhen    p.eces    ot    ,r,.n    are    brought    near    a    magnet,    the    niagnetism    of 
the  n,.ignet   does   not  fh.w  over    to   the   piece  of   iron,    but    the    latter    is 
said  to  become   a    magnet    by   ,W«c//>,«.      The   vertical  bars  ot    iron    rail- 
mss    often    become    .nagnetised    in    our    latitudes,    the    lower   ends    bema 
north-seeki-g  poles    ,,nd  the   upper   ends  south-seeking  poles.     The  earth 
thus   act,    ,KS   an^•   other    magnet,    and    its    n.agnet.sm     in    the    northern 
he-u>phere  cau,e.  the  lower  ends  of  the  raili.igs  to  exhibit   north-seeking 
magnetic    properties    whilst    south-seeking    n,agnetic    properties    are    ex 
h..Mted    at    the,r    upper    ends.      An    additional    and    strong    experitnenta! 
r..x,t   ,s   thus   g,ven   ut    the   truth   of  (Jilbert's   theory   that   the    earth    ,. 
a  ,ii.ignet. 

Another  illustration  of  magnetic   induction    is  given   bv    the   follown,, 
experiment.  '  ^ 

If  two  p,eces  of  soft  iron,  a  and  h,  in  Fig.  ,2,  are  suspended  by  means 
c.    silk   threads,   on    the  north-^eeking    pole   of  a    magnet    being  ' brought 

T.':'     "\         '\     '■".*'"'■    '"^S"*^''*^'^-   ^"''    i"    l^"th    we    find    the    north- 
s, ,        ,.  ;,;:;;:.c-.,   Troni   the  iioi  tli-seekiiig  pole  ot  the  magnet,  a"d  the 

south..eek,ng   pole   nearest  the  north-seeking  pole  of  the    magnet.     Since 


I 

1. 


fig.  II.— Iron  R,>1  undrr  Ir.luctian. 
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,      ,  H    other    it    follows   that    the   suspencled    pieces   of 
similar   polos    repel   f.ieh    other, 
.ron  diverge  as  .hown  ni  "-^'l^'^^.  ^^at  when  under  the  inriuence 

It  has  been  ascertained  by  "P^:  "'""J  \  .^  ^  „,,^„,t,  but  it  becomes 
of  a  magnet  a  bar  of  suit  .ron  ^--^^-'y  ^"°  ^^  '^^  ;,  removed.  Un- 
l.na«neUsed  as  readily  when  the  -  ^  ^  , '"]^^";,  ,,,.„,.  entirely 
annealed  iron  and  steel,  on  ^''^  f ;;":  ^'^^  ,  ,,„,oved.  The  magnet 
demagnetised  when  the  '"«-' ;";«J  ^''f  :\J„,p.rarv  magnet,  and  the 
,nade   ot    soil    iron    is   termea   a  i-^^^v  piece   of  iron 

steel  magnet  a  permanent  one  N  -^^'^''  >  J^,^,  ,„  ,  „« 
after  once  being  magnetised  >-"'''  f^.^ted  magnetism. 
piece   retains    the    maximum   ^;""""     °'    '    ircalled    rcMual 

its  magnetism  best.  ,      ,        ^lanv    inter- 

The    details    of  these    «'!P'="'"^"^y",,rto   which  they 

esting   results,   both    theoretical   and    pracUcal.o        ^^^^^^^y 

,.„a  will  :^^  ^f\^^^,^X,  onsrderlg  the  subject  of 
our  experimental  ■'^^t^^/'^'f  ^^^  application  of  the  prm- 
electro-magnetism         As    »    '»>'^^ct      pi  ^^^.^^^    ^^^^^ 

ciples   of   magnetic    induction,    we   ^h""   "•-  -^^^^^ 

of' the  old  methods  of  "-^-^^dete  h.vi"  in  ."any  in- 
niethods  are  to  a  ^f^X^^^^^^^   ^^  ""'''' 

IllUlJ'.*"^"-  ® 

on  the  dip.  c-     /.    T,  „r/i Place    one    pole   of 

Methods  of  Making  Magnets -J»J^;  .^^t  magnetised,  as\hown 
a  magnet  at  the  middle  of  the  V^^^^  ^TZ  middle  towards  the  end 
in  Fig.  .3.  Then  draw  the  -g-*;.^"",,  ^  '^.t  take  the  magnet  off 
of  the  piece  of  steel  ;   repeat  this  '-^-'''''l       \  ,,,,   „,ddle   towards 

at   every   stioke.  and  always  ^^^^^^^^.U,  ,,  south-seeking   pole 
the  end  of  the  piece  of  steel,     in  tm.  .  j^  ^f  the  magnet  is 

at  the  end  of  the  bar  at  which  ^^^^  ^l  \  ^^^/.Je  magnetic  inductior, 
drawn  otV.  because  at  the  "lomen     of  draw  ng  oH  J^^  ^^  ^^^ 

,s  such    as   to  produce   this    polarity      N  -x     take  .^^ .  ^^   ^.^^^^ 

n...gnet  (in  our  case  the  .outh-seekmg  pole     and  p,     ^^^^^^   ^,^^^^.^^  _   ^^^ 
of  the    ^leel.  and   draw    it   along   '^^^   ^^^     '^^f  ^,,,j'/ ,,d.     The   magnet, 


"n 


Ki^:-  la.— Re- 
pulsion due 
to  Induction. 


Methods  uf   Ma.v/.u,    J/.^(;.v£r^. 


matter  of  indiflfL-rence  which  of  the  poles  is  t.ikcn  first.  The  ;ime  result 
may  be  obtained  in  several  other  ways :  tor  instance,  bv  placing  the 
dissimilar  poles  of  two  magnets  on  the  steel  and  drawiiii;  them  simultan- 
eously from  the  midillc  ^__ 
towards  the  ends  of  the 
steel. 

Double  or  Di:  .dcd  Touch. 
— Arrange  the  bar  of  steel 
and  magnets  as  shown  in 
Fig.  14.  The  magnets 
make  an  angle  ot  about 
20"  with  the  steel  bar,  and 
between  them  is  a  piece 
of  wood,  shaped  as  in  the 
figure  ;  now  move  magnets 
and  wood  from  the  middle 
towards  one  end  of  the  steel  bar,  then  back  again  to  the  middle,  and 
from  the  middle  towards  the  other  end  of  the  bar  and  back  again  ;  repeat 
this  until  the  bar  ^ccnis  to  take  up  no  more  magnetism,  then  take  off 
both  inagiicls  at  the  same  time,  but  from  the  middle.  A  horseshoe 
magnet  may  be  used  instead  of  the  b.ir  magnets. 

The  bars  of  steel  to    he   magnetised    have    In-en    hitherto   described    as 
straight    bars,    but   the     methods   can    be    applied,    with    obvious    uiudifica- 


Fig.  14. — Divided  Touch. 

tions,  to  horseshoe-shaped  pie^L-  of  steel,  thus  producing  the  well-known 
horseshoe  magnets,  some  forms  of  which  are  shown  in  ['"i-'s.  16 
and   17. 

It  should  be  noted  here,  and  we  shall  dwell  on  the  importance  of  the 
fact  later,  that  properly  magnetised  m.agnets  have  always  two  poles. 
It  is  possible,  by  special  or  careless  magnetisation,  to  produce  magnets 
with  more  than  two  poles,  but  no  process  of  magnetisation  will  produce 
a  magnet  with  a  single  pole.  If  an  abnormal  magnet  with  more  than 
two  poles  be  dip[)ed  into  iron  filings  the  filings  will  adhere  at  places 
other  than  the  two  ends,  as  illustrated  in  Fig.   i;. 

If  the  polarities  of  thoc  various  places  are  examined  they  will  be 
found    to  be   alternately   north-   and   south-seeking.     Thus    in   t!ie   ticure 


iijii 
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the  regions  n,  u  and  v  h.e  north-seeWing  polarity,  whilst  .    and   C    have 
south-seeking  polarity.  aimriiMiins  of   the   piece  of 

The   chen.cal   composmon,  ^^^^^'t^'^^X^,, ,,,...  in  deeding 
steel    to  he  magnetised  ouoht   to  be  taken    m  ^   ^^^^^^.^ 

the  method  tn  be  adopted.  After  a  piece  o  el  ha  rec  ^^^^^^^^^  ^^ 
number  of  strolus  with  a  magnet  \^  J^^/^^^^i  ,,„vever,  does 
permanent  magnet,  and  is  said  to  be  -^  'J  «f '  \  ,^,^  ^,  ,,„,  ., 
not  mean  that  the  piece  might  "'\^%."';^8";^;;[,cmnot  be  extended 
,nore  powerful  magnet.  «"*- ^'-- ""S"^'^'^"'"^;!""  he  magnet  we  use. 
beyond   a   certain    limit,   no    matter    how   po    e    ul  ^hc   n    g  ^^^   ^^^ 

This  limit  is  called  the  ma.xinuim  of  ->^""^  °"  ,  ^^^,^j  ^  amount  of 
.eel,  the  mann.  in  ^v.;;^^  jt  -^^^^  ^  ^f  ^^  ^t.gnet.sed.  The 
carbon    in    it,    mlluence   t  ic   limit   to   ^^""^  j  ^^.^^n  ,t    i^ 


Kif!.  .5.-B.dly  Maf!n.tis«l  liar  with  Consequent  Poles. 

influences  the  result;  when  rich  ^^  -^^-'^\;:^--:! ;: ^IZ. 
.s   not  so   great.     The   tempering    etc.,   of   t  c   ,.cc      ^  ._^^  ^^^^^^^^ 

into  consideration.  ,«--f  ^^  ^i^  ^f^UXl  magnets.  Lord- 
to  lay  down  ^^^^^^^J'^^^.r^^^s  bit  tor  permanent  n^gnets. 
,ng  to  Jani.n.  ^^'^^^^^'f-  ;^"  ^^J^   permanent    magneasm,   but    its 

S^iJr  ors:^::n*lr';;St.espeJ.y  .  i.  >.  ..ected  to  r.ugh 

"-^L;:  f  :r  oaen  become  -'ttaS. -"-I^Si.r- ^S: 
The   magnetism   in    a    piece   ^^[^^'^^''''Xr'Z   redness,  and   somewhat 

::::;:^^usenitswereob.rved  h,Gilben^^  ^^    ^^_^^,^   ^^ 

The  magnetisation  of  a  '-^^^'y  "^'8' ^ '^j;  .^-  „,  ^.e  first  instance 
grow  gradually  less  as  time  ^^l^^^"^  J ,,,,,,,_  Such  magnets 
,he  steel  has  ^^^\T^^:'':'^Zs^:J':^l:,^..u..uou,  or  "aged,"  as 
'-.>-^%7't\raf  l^inV-d  coolings,  provided  the  temperature 
;:,';;'h  theJ  Tt:L  .  ^l  .....^..      Vor   most    practical   purposes 

r     ".    .,    littl,-    nhi-ve    lOO'    C.   is   suttlCiellt. 

"  Satrs;  -A   P>-  of  Jo^  iron  of  suitable  shape  pK.ed  across  the 
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pule';  iif  a  tiiai'iU't.  sd  as  tn  juiii  or  a'mi'^t  juiii  x\\u\r  with  iii.iijnetic 
material,  is  known  as  a  kcc|Hr,  or  armatityr.  It  i-  olni.-u-  that  solt  iron 
in  such  a  position  will  become  well  nia^netisui,  ami  be  ~ttiMii,'lv  .ittracted 
by   the  nias^net  between  whose  poles  it   is  placed. 

Lifting"  Power  of  a  Magpnet. — The  littinu;  i)(>wer  of  a  mannc!  inav 
be  ascertamed  by  hamjins,'  weights  from  a  pi. >perlv  tittinL:  armature  until 
the  armature  falls  of}',  lluu  the  littiui;  powi'r  ■  t  the  magnet  is  iijual  to 
-.he    maximum    wei,i;ht    heki    up.      If   the    vkei:,  its    arc    giadually    increa^ni 


1  ig.  i6.— Jamin's  Compound  ATasntt. 


Fijt.  17.— Maftnelic  Pa<i. 


from  dav  to  dav,  the  magnet  will  be  found  to  bear  a  load  much  above 
that  which  it  would  have  held  it  the  load  had  been  siukleiilv  applied. 
Small  ma]iTnets  bear  greater  loads  in  proportion  to  their  own  weiRhts 
than  large  ones;  and,  as  a  rule,  'he  lifting  power  of  horseshoe  magnets 
is  greater  than  that  of  an  ordinary  bar  magnet.  The  lifting  power  is 
also  increased  by  making  the  area  of  contact  bet  veeii  the  armature  .md 
the  magnet  greater.  Long  thin  magnets  are  more  powerful  in  proportion 
to  their  weights  tlian  thick  ones,  iience  if  anv  number  of  thin  magnets 
are  i)laced  in  a  bundle  we  get  a  magnet  consiilerab!\-  stronger  th.ui  a 
^olid  one  of  the  same  weight,  or  than  anv  of  the  compoiient  magnets. 
Its  lifting  power,  however,  is  less  than  the  sum  of  the  lifting  powers  ol 
the  separate  magnets.  Thus,  when  Jamiii  placed  si.x  equal  magnets  each 
vcighing  three  kilogrammes,  and  having  a  lilting  power  ot  18  kilogrammes, 


^ 
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upon  ...ch  other,  the  eo.np-amd  ma.nct  had  not  a  htting  power  of  six 
tL.  cishtt-cn.or  .oS  kilo,r.un,nc>.  hut  only  o.  04  '^"-Sramme.  On  ak  ng 
,t  to  pLes.  each  of  the  cun,poncnt  n.a.net,  was  then  »-•"'!  ^''^^^ 
„„lv  ,  httin.'  power  of  from  Q  to  10  kilogra.nnie..  Jam.n.  by  arrang.ng 
the  nainet;,n  th.  nunner.  produced  the  compound  magnet  (F.g  -b 
w  ic  b^r  his  nan>e.  It  conLts  of  steel  bands,  whose  ends  are  kept 
h.  position  bv  the  brass  cap  shown  in  the  figure.  The  compound  n.ag  t. 
„r  as  ,t  is  sometimes  called,  the  n.agnetic  battery,  represented  n  I  g. 
,-■  l,a,  the  components  arranged  to  diminish  the  n.fiuence  wh.ch  e 
poles  of  the  steel  bands  have  upon  each  other  They  are  made  o  un- 
equal lengths,  so  that  their  poles  do  not  fall  together.  The  httmg 
^o"  r  of  clccuo  magnets  very  nu.ch  exceeds  that  of  permanent  magnets 
of  the  same  weight. 

,I._MAGN1TIC-    I-AWS    AND  THEORY 
The   earher  discoveries  in   .nag..elisn>   were  .n.ule  by   .neans    of   experi- 
ments  with  permanent   magnets,  such   as   we    have    been    d'-';;'';;«   ^  ^     !^ 
the   last    few   pages.     They    also  extended   over  the   tnne    whe  >    Newton  s 
great    discover'     o,    the    law    of    universal    grav.tat.on    had   J--  -        - 
UK,u..hts   of    philosophers   to   phen.wncna    in    wh,ch   a   theory  ol      a    un 
t    a"di.nance'-   gavJ  tl,e   clue    to    many    in,portant   fve  opments^ 
nnt.    therefore,  surprising  that  the  thinkers  of  that  day  looked    o  sun  lar 
Ineorie.     to    help    then,    in    gaming    an    insight     ^^^"^^^^^^ 
their   elTorls   met    with   a   certain    amount   ot    success,    although   ih      tacts 
were   more    complicated    than    in    the    gravitation    case,    smce    not    o,Uy 
attract  on    but    rcpubion    had    to   be    accounted    tor.       Indeed,   when    we 
a'n^uler    the    apparatus    .at    their    disposal,    thi,    success    ,s    surpr,sn,g    and 

'"^U-  .Hr^lhat  the  theorv  o,  action  at  a  distance,  besides  be, ng  un- 
thinkable, breaks  down  in  theattempt  to  make  it  give  eve.,  appro.matdy 
nu  uuhative  data  m  manv  sin.ple  magnetic  problems  which  have  to  be 
Ml      1    at    the   present    dav.       Nevertheless,    the    work   was   so    well    done 

o  t  leclass  of  problems  to  which  it  is  adapted  that  lor  these  problenis, 
including    especiallv     some     connected    with     terrestrial     magnetism,    the 

an.  methods  are  still  followed.  We  therefore  propose  o  devote  a 
short  sp.ue  to  an  explanation  of  these  methods  and  the  qu.uUUative  laws 

'"  'Jj'agnetic  influence  at  a  Distance.    The  Torsion  Balance.- We 

can  c^!mme  expenmentallv  the  U.rce  of  attraction  or  repulsion  hetuee, 
two  magnetic  pMes  onlv  when  the  magnets  employed  are  a  some  1  t^ 
distance  from  each  other.  Under  the.e  conditions  it  is  o'-^-f/'^;' 
the  following  law  is  true,  namely.  //.'  force  c.erU-d  h.  nnc  ,na,ncU.  pole 
on    nnnther   ,n    ,ts    nckhbuurhuod   is   tnirrsch  prop..rUoual  to   the  >'/•'•'""     :' 


Coulomu's    ToRsnw   Pai.axce 
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the  itt^livv  f  hftxvi-cn  tlie  p'lles.  Tlii.-.  i>  kiioun  a>  \\\v  law  of  inverse  squareij. 
aiul  it  iiuiv  he  fxpcriincntallv  pruved  hy  incaii'  of  tlie  tci^idti  halaiKc, 
Usually  kiiDWii  ai  Coulomb's  ti>rsioii   balance. 

The  torsion  balance  was  originallv  invellteil  by  Miclull,  and  is  well 
adai'tcii  tor  niea  iirinij  tlic  verv  small  forces  whicli  are  called  into  play 
in  these  magneiic  experiments.      Fig.  i8  sliows  tlic  toriu  ot  llic  uiatrumeni 


Fig.  i8. — Coulomb's  Torsion  BaL-vnce, 


.1^  u~c(i  by  Coulomb,  and   Fig.  ij  gives  a  modern  form.       In  souii.  rc-[uct- 
tlie   latter  is  not  so  well  designed  as  the  lormer. 

The  instrument  consists  essentially  of  a  silver  wire  /,  by  which  the 
m.ignct  n  s  is  suspended,  and  the  torsion  of  which  is  measured.  This 
witc  is  attached  to  a  top  K  called  the  torsion  lu.:'!,  which  moves  upon  a 
g:.uluateil  circle,  on  which  the  angle  of  torsioa  is  read  by  means  of 
the  index.  The  knob  K  is  employed  to  adjust  this  circle  and  the 
ni,i.;net  ;;  s.  A  second  large  graduated  circle  opposite  >/  i  serves  to 
iiici-ure  the  angle  through  which  the  magnet  n  s  moves.  The  seccjnd 
nia^net  N  S  is  held  witli  its  lower  pole  N  on  a  level  with  tl;e  magnet  >i  i. 
When  a  wire  is  twisted,  the  force  with  which  tends  to  ntwist  is 
pro[i,irtional  to  the  amount  of  twist,  hence  the  force  reiiuired  to  twist 
X  degrees  is  x   times    the   force   required    to    twist    one    degiee.     In    other 
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words    tbe    ^n•,•  0/  t.ru.n   ,s  pr.p..rUunal  to  the   an.lc  .^  Vrsi.,u     If  9  bo 
hJn  ..  uic  (.t  the  a.i.'le  ot  torsion,  and  F  the  force,  then  b  =9  «    uhc. 
i:^-    Tt:::.m  tp:nan,.    .>»    the    ..e    and    properties    of    the    w.r.    and 
the  mode  of  imasurinK  the  angle.  , 

I      Co..lun,h-s  hahutce  (Fi«.   .8,    the    open    wooden   b..x  ...  .       n  It^ 
square  hy   ,9    inc'u.,   deep,  and   tl,e    br«e    ^^^^:^^^;    '\Z^^ 
diameter,   was   hxed   9    ind.es  front  the  bottom  o    the  box.      I  he  v  r 
tube  surrounding   the   torsion     w>re    uas    ,0    mchcs    '"-'h  he    .  1  . 

of   the    .usncn-.on    ot    the    ntaunct    ar.    shown    ..nK.vb,..     cn„.n;ul  at  the 
°'    '''*"    '     '  .idc.     The  deflecting  needle  n  s  w...  24  >"ehe= 

i,.n>',  and  therefore  the  upper  pole  was  so  far 
awiu-  as  not  to  appreciablv  atTect  the  noMtmn 
of  the  suspended  magnet  n  s.  In  ig.  '  ■> 
this  deflecting  magnet  is  too  ~hort,  and  >ouie 
correction  would  have  to  be  introduced  to 
allow  tor  the  etTect  of  the  upper  pole. 

In    order    to    prove    the    law    ot     mverse 
squ.ires    with    the    instrument   a   non-magnetic 
rod   <^f  brass  or  copper   is  first   suspended    in- 
stead   of    n    s,    and    the    whole    instrument    is 
turned  round  until  this  rod  rests  in  the  mag- 
netic  meridian   with   no  torsion   on    the   wire. 
The   reading    on    the    torsion    head    is   then 
read,  and  also   the  position   of  the  siispended 
rod  as  shown  on  the  large  circle.     The  mag- 
netised   needle    is    then    substituted    for    the 
susp-jnded   rod,   and   if  the    preceding   adjust- 
ment  has  been  carefully  maiie  it  will  take  up 
the   same   position   of  rest.      In    this   p.^sit.oii 
no   forces   tending    to   turn    n    s    round   the   a.xis   of  the   suspending    wire 
will   be   acdng   upon   it.     The   deflecting   magnet   n  s  is   now   .ntroduccd 
w   h    ks   north.seeking    pole   at    a   definite   distance   frotu    the   position    of 
e  t  o    the  north-seek?ng  pole  of  „  ,v.     This  distance  can  either  be  actually 
measured   or   obtained   Is   calculation   by   observing    the   angular   position 
S  r  The  north-seeking  pole  of  «  .   will   be   repelled,   and   U   is   to     e 
Lu,h1  hack  to  its  former  position  in  the   magnetic   meridian   by   turning 
uttio:  head  so  as  to  tfvist  the  wire.     The  number  of  ^^^^^^ 
which   the  torsion   head   has   been    turned   must   then    be   noted,   and    the 
Lp:.rimint    repeated   with   various   positions   of    the   magnet   N   s.     From 
the  experiments  the  law  can  be  deduced.  ,    .     ,  ,.    ,v,.. 

Stppose,    for    instance,    that   when   N   and    n   are   6    inches   apart   the 
torsu^,rhe  d    has    to   be    turned    through    65"    in    order    to    bring    n 

.nto   the   mag,.tic   ^;^.-.  ;-;- J,-   ^^  ^   S   "' ^.H 
only  2  inches  from  the  zero  p.-.J'-.i  "i  " 


rig.  19.— Maznelic  Torsion  Balance. 
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^reaicr  twist  niu^t  be  K'Vi'"  to  tlic  t<ir>i(>ii  lic.iu.  Let  u>  suppo-c  thai 
jt  rt-iiuircs  I  complete  turn  aiul  zio  a.Ulitioiial  to  briiii; /;  to  it>  po>ition. 
The  total  torsion  on  the  wire  now  will  be  y,o+ Zlo=--^o  \  or  nearly 
Q  times  the  lormer  torsion  (.t  bf  .  Hut  the  di-tance  i-  now  only  one- 
tliini  ol  what  it  was  before;  hence  the  repulsive  torce  between  the 
two  magnetic  poles  is  inver-ely  as  the  square  of  the  distance.  By  ex- 
amininj;    the    torsion    required    at    other    distance-    the    law    can    be    more 

tullv  proved. 

I?v  experiments  of  this  kind,  and  also  bv  varvini;  the  strength  of 
the  poles,  Coulomb  proved  the  following  t'uiidanicntal  law  ot  mag- 
netism : — 

Tlie  A/r<v  exerted  belweeii  two  magnetic  Poles  is  M'./'oiti'iwi!  t't  the 
strength  "t  the  /"'/es,  mid  itirerse/v  f-viportinial  t'l  the  ■■■/ii.ire  ot  the 
di'itiince  >^etu-eeti  them. 

Thus,  if  m  and  m,  be  the  stren<;ths  of  the  poles,  and  d  the  distance 
thev  are  apart,  then  the  force  /  exerted  between  them  is 


/  =  ' 
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If  ve  make  f  and  d  unity,  the  product  m  m,  must  also  be  unity,  and 
it  follows  that  the  unit  mugnetic  P'de  is  that  which  rcprls  a  similar  and 
equal  p'de  ,it  unit  distance  ii-ith  unit  force. 

This  unit  is  defined  in  the  centimetre-gramme-econd  or  C.  (1.  S. 
system,  which  is  the  system  of  fundamental  units  emplo\cd  in  scientific 
work,  as  that  pole  wliich  repels  a  similar  and  equal  p'de  at  the  distance  'd 
one  centimetre  with  the  force  of  one  dvne,  the  dyne  being  that  force  which, 
steadily  acting  for  one  second,  causes  a  mass  of  a  gramme  to  move  with 
a  velocity  of  a  centimetre  per  second. 

The  Magnetic  Field. — We  have  noticed  that  a  in.ignc;  exerts  a 
certain  influence  on  pieces  of  iron  and  steel  which  lie  in  its  iieighbourhooa. 
The  pole  of  another  magnet  also  experiences  a  force  var\ mg  with  its 
distance  from  the  magnet.  The  region  through  which  a  magnet  exerts 
this  magnetic  influence,  or  force,  is  termed  its  maj.^uetic  tir'd.  The  force 
which  a  magnetic  pole  experiences  at  a  point  in  the  niaiinetic  field  is 
determined  by  the  intensHy  nf  the  field  at  that  point,  and  its  direction  is 
tl'.at  of  the  line  of  force  passing  through  the  p'dnt.  The  litter  is  the 
direction  in  which  a  free  north-seeking  pole  would  move.  The  /■.tensitv 
of  the  field  at  anv  point  is  measured  bv  the  force  exerted  on  a  unit  pole  placed 
at  that  point.,  and  the  unit  intensity  is  that  which  exerts  the  f.rce  of  a  dyne 
■11  a  unit  magnetic  pole.  If  f  be  the  force  which  a  pole  of  strength  w 
experiences  at  a  point  where  the  intensity  of  field  is  H,  then 


i; 
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By  equating  this  value  ul ./  to  the  preceding  we  have 
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.  p„i,„  rf  »,ui,.«.M  aw.y  ■>  "l-l  »  )^^."  :,'■'„  ,L  acting  on 
OniJcd  by  .he  .q»r«,  o(  *«  *■  7«;;:,,,,",„'',,  "  ».  „luKe  of  .he   pole 

:;;t^^;c:::^r.';r=;'»;a'^",,,;..io,,  „,  /.  u .  u. .,.. 

joi.Mi.s  the  poi.U  to  the  posUion  of  '"<  however,    impossible 

The   Magnetic  Moment  <>^^J^^-^2^y  of  one  of  opposite 

to  have  .i  sinslc  magnetic  pole  ^■^'^''"\'"  jj  ^.„„i„/the  action  produced 
Character  ;  hence  it  becomes  ^'^^'^^'l^'^ZZ  o  turn  an  ordi.ury 
on  these  -^^i-^d  poles  J^^  -  ^       ^^^^^  „,,^  ,.  determined 

bar  magnet  suspended  hun/ontali\   in  „  ^^^^^^^    ^,„ 

by  considering  the  action  on  on.  of  t.  Pf  •  f  .J  ;.,„  ,,,  ...mbine 
the  other  tends  to  turn  the  magnet  '"/'^"T^^^  ,^1  -phus  in  a  uint.rm 
the  two  by  doubling  the  hrst  it  ^»^^/°7"  ^^^n^.he  poles  of  a  bar 
field    two   equal    opposite   and    ra-Ue     for  e.     '.t   on  P ^^^    .^    __^    ^^^^ 

.nagnet,    tending   to   turn    -J^^^^^^'^  IL'.cUu,   tV.us   are   m 

sr^r;?^;:i:;:t::;rr  ;ix:  r^Se^-  torque  on  the 

magnet  placed  at  right  angles  to  the  field  is 

T=tnl//. 
A„rf  m  I  is   termed   the  ma^nelic  moment  of  the  magnet.     It 

.  i';Lrr„,"..L;a.o« ,»,...  j-  -  ..«^;c  ™.-„-„: 

intensity  (//-I);  MacrnPtisation  — We    have    already    referrc 

The    ^^'^^'^'y^^^J^f^TTTon  can  be  more  highly  magnetic, 
the  fact  that  .ome  kind,  ot  .tcU  an  ;  strength  of  a  magnet 

than  others,  or  in  °^»^-/Xptit  on  theTaTity  of  the'matenal.  Also, 
of  given   size  and  weight   depends  on  H         >  ..iiployed    as 

the  actual  strength  depends  upon  1  e  -  «  -"f  *^^„  ,  !  ^,,^,,,, 
well  as  upon  the  size  and  ^  -pe  o  '  n  -a  .  ^^^  ^  ^_P^.^^^_^^  ^^^^^^^^^ 
with  one  another,  It  is  thereto,  e  useful    o  br    g  well-known 

To    do    thi=,   the    actual    magnetic    ui.meiK    ..  ub-crve       > 
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meth.Hls  amonu-l  wl.uli  .n.iv  he  mcin,.,nc.l  the  „„„""•  tomrtrr  .m-th.-c 
ot  Gm-s  Then  the  m.,,i:>i,'tic  uv.m.nt  ,.f  each  tn.iKn.'l  i*  >ii't'f'i 
bv  -ts  ;'./«/«.•.  and  the  iiu.nient  is  .alleJ  the  vitnisttv  nf  ,na^H.lisa- 
tl„  The  intensity  <>t  maKnetisati.-ii  is  llierefi.re  the  tnannetie  moment 
(.fa  unit  of  vi.lunio  of  the  magnet  on  the  .i-smnptu>n  that  the  nia-netic 
m,.ment  of  each  unit  of  vohnne  is  the  same.  This  a>sumpti..n,  mi  .no>t 
t  i^es  IS  not  justified  bv  experiment,  and  therefore  the  intensity  of  niai-net- 
i.'ation  calculated  as  above  is  onlv  the  airni,i!;e  magnetic  moment  per 
cubic  centimetre,  and  not  nece-arily  the  actual  magnetic  moment  of 
any  cubic  centimetre  taken  at  random. 


III.— MAGNKTIC    ClIKVKS    AND    I.INHS    OP    KORCK. 

Thus  tar.  in  developing  the  laws  of  magneiijin.  we  have  tacitly  assumed 
that   there  is   a   delinite    point   on    the    magnet    from    which    the   diMance 
,i  "(nice  27)  can    be    measured.      The   experiment  ol    dipping  the  m.ignet 
1  iron    filings  (Fig.   :),    however,    sh.iws    that    the   tilings  do    not    adhere 
to  a  single  point,  but' are  spread  over  a  large  port      ,  of  the  polar  surface 
at   the  end  of  the  magnet.     From  what  spot.  then,  must  d  be  meanired  ? 
In  the  old.  or  polar,  theory  of  magnetism  which  we  have  been  discussing, 
this  ilitriculty  was  met  by  assuming  that   the  force  was  due  to  the  action 
of   a   magnetic   fluid   spread   over   the   polar   surface   of   the   magnet    with 
a   density   varying   from   point    to    point.     The    mass-centre,   or   centre   of 
gravity,  of  this  fluid  was  calculated  by  well-known  mathematical  methods, 
and    from   this   mass-centre   the   distance    d    was    measured.      By    further 
assuming    that   a   positive   (  +  ).   or   repelling   fluid   was   spread    (ner   the 
north-seeking    pole    and    a    negative    (-),    or    attracting    fluid    over   the 
south-seeking    pole,   the    forces    at   various    points    in   the    magnetic    field 
could    be   calculated   with    tolerable   accuracy,   provided   those    points  were 
not  too  close  to  the  magnet. 

The  great  objection  to  this  theory,  apart  from  its  artificiality,  is 
that  it  entirely  ignores  the  part  played  by  the  medium  lying  between 
the  difTerent  magnetic  poles.  When  one  body  acts  upon  another  at 
some  distance  from  it,  it  is  only  reasonable  to  suppose  that  th'jre  is 
some  connecting  link  or  links,  although  the  nature  or  mode  (if  action 
uf  those  links  may  not  be  evident.  For  the  transmission  of  a  pulling  force 
we  can  imagine  something  of  the  nature  of  a  rope,  and  for  a  pushing 
force  something  of  the  nature  of  a  rod  or  a  strut.  Energy  may  also  be 
transmitted  from  place  to  place  by  means  of  wave  motion,  as  in  the 
case  of  radiant  heat,  light,  etc.  ;  but  even  here  tlie  action  of  the  medium 
IS  absolutely  nece-sary,  as  without  it  no  wave  motion  could  be  transmitted. 
In  all  such  cases  there  must  be  a  cUinuniis  medium  between  the  inter- 
acting  bodies,  for  without  it  the  transmission  of  the  action  from  one  to 
the  other  is  absolutely  unthinkable. 
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n.wler  c:oii>iaorali..n   wc  arc  dealing  with  steady 
In  the  inaijnciK-  ca-c>  uiukr  coMMcarai  tranMiii^>ioii 

force,  and  not  wuh  rad.at.on.      1  he  rope  '-  -^     ^  "^^   „^^^,...,_    ,,,,„ 

T-^'    'TZT-.r:^ZX   t'lntLn,   n.ai.n,   ,rupe   o. 
thmss    ^cttk■   do^v,      nt^       1  .omprcsMve.  or  otherw.e.      The 

r':;;;cer.>vt;.ch^u.  r:^.  traLmtted .«h  the  ..1... ..., 


pJnt   to  p..int,  unt.l  the  t.>r.e  reaches  and   art 


on  the  distant  body. 
,„   top.nnt,untUtheU.eerea^K;,^.>.   ;^-  ^^^^^^^^^    ^,^^^^^_^,^    ^,^ 

The    paths   by   which    tlie    forces   a.c    tnu  j^^^^,„ 

n.ed.un,    are    peHectlv    de.nnte  and    -v    ^^^^,;';"''"-^  ,.^,,,,   belong, 
through  the  n,ed>um  tron>  one  body     o   Otc  c^t .  ^^    ^^^^   ^^^^^   .^^ 

the  great  honuur   ot    tirst   reah,ing    th.s   way  U^^^^^^^  ._^  _^^^^_^^^.^ 

,    _,.        and  electrical  phe- 

n  I       liomena     and      of 

[  I        first    pointing    out 

I  the     necessity    for 

taking  the  medium 
into  account.     Not 

!  \^ ____- d  only    so,    but,     irv 

j  the    case    of    mag- 

j  netism,  he  devised 

}  means     by     which 

■■'  ,     ]        the    shape    of   the 

t  "  -^        lines  of  force  may 

be   shown  at  least 
approximately,  and 


rig.  JO.-M  igiietic  Corves  of  «  Bar  Magnet 


to  the  lines  as  so  shown  he  gave  the  name  of  "  mag.ietic  curves." 

MajmetiC  Curves.-These  are   very    read.ly   produced   m   the   follow- 
in   "Scr      SL  over  a  bar  magnet  lying  on  a  table  a  sheet   of  g  ass 
or^  s   ff    cardboard,   and   sprinkle    iron   filings  on   the   top    ot   th.s   sheet 
Fithl     as   thev   fall   or  with  the  assistance   of  a   little  gentle  tapp.ng   on 
fh     !hee       he  nimgs   will   arrange   themselves   in  curves  similar  to   t:   .se 
depicted   in    Fig.  L       The  fact   is  that   each   little   filing    as   .t   falls   op 
Sg    L   come'   wUhin   the   magnetic   field   of   the  bar    -8-'.   J-^  " 
t  ■..  the   rod  A    Fic    II.  is   in   the   field  of  the   magnet   N  s.     Like 
rrortt.  tt   llttle^hng   becomes  a   magnet   by   induction    an      .n 
he  commotion  produced  by  the  fall  or  the  tappmg,  U  ,s  free  to  turn 
en^th  or  longer  axis  in  the  direction  of  the  magnetic  force,  and  actually 
d!ef  so       n  this  way  the  curves  are  formed,  and  consist  ot  strmgs  of  httle 
fnd'ced   n  agnet.   placed   with    unlike   poles   close  together  or  in  contact^ 
Sn"u  curses  (Fig.  21)  are  obtained  from  a  horseshoe  magnet  by  placmg 
^'  ';;    „  ;  \  nderneath!  and  at  right  angles  to,  the  cardboard  with  Us  poles 
pres2d%gainst  the  under  surface.     Notice  how,  in  each  case,  the  cu..e= 
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.,..„    t,,    sta.t    out    from    variou,   im.U    >■!    t!.c    i-lo    of   the    -n.>.net,   and 

i,   the   course   nt  anv    contplotc  curs,  be    l.a.ca.   .t   w.ll   be   luunJ   lu  ou..- 

uuiKc  on  "lie  pi'iar  surface 

an.l   end   i>!)    the   nthei.     In  '  -     , 

t!u-e    iwu    «.a-e^   tlie    aetiMii 

aeineU-a  h  that  of  oiic   pole 

.t    a    magnet    on    the   oppo- 

;,i;i'   pole  ot    the   same   inai;- 

lui,    all     aLtion     whieh     we 

luiuhl   have  expected,  c-pe- 

ciiliv   between    the  poles   of 

tile    horse=li«^e    inaijnet,    al- 

thousli  the  tnagne-.ie   torec^ 

.irc    .00    feeble    to    produce 

anv    visible    etTeLt    on     the 

rii;id  steel. 

Similar  curves,   however, 
are    produced    between     un-  .        r       1, 

hke  maj;net.c  pule,  eveti   when  these   belong  to   dalerent    magnets.     Look 

a-    the    central    space    i->    FiK-     ::,    which   dep.cts    the    tnaunefc    cur^es 

L   two   bar    magnets   placed    in    hne    with    one    another,   and   compare    U 

with    F.g..  zo   and    2,  ;   Figs.  23   and    24   ^.e   abo  very    mstruct.ve.      In 

these  we  have  two 

bimilar     bar     mag-         -      - 

nets  placed  parallel 

to      one      another,         j 

with  the  like  poles 

adjacent     ni      Fij;. 

2;  and  the    unlike 

pnles    adjacent     in 

Fit;.     24.        Notice 

how     in     Fig.    23 

the     lines      setting 

out    from    adjacent 

like     poles     appear 

to  turn   aside  from 

one  another  and  to         1 

trend     towards      a 

more     dist.un     un-         j 

like  pole.   We  seem  ' 

to  be  looking  at  a 

picture    of  the   ac- 

tual  repulsions  which  we  know  exist,  whilst  in  Fig.  24  we  lu.ve  a  picture 

of  the   actual  attractions.     It  may    be  well  to  mention  here    that   lurther 
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^M.ign«tic  Curvn  of  Two  V.^t  M.ii;iitts  in  Line. 
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reheard,    Ov.ws    Uu.    .!..    .Kti..,,    m    the    -nohum    is   o.    tl,c   nature    r.f  a 
,c.w,.,n    or   i.ull  alony  the  hue,  of  lur.c,  and  a  i-rcsnuc  or  pu-h  at     ,,   t 
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J      _ 
M»i;T.elic  CurvM  ^f  Two  P«rBlltl  I'ar  M.icncH. 


.iiul  iiiariii^  this 
ill  mi  ml  'he 
above  tiKurc>  he- 
Lc.nic  very  -ui;- 
j,'c.-tivc. 

Influence    of 
Change  of   ViQ- 

dium.  — 1  l'<-^^l'-^■ 

til  '1  b-till  remains 
;,,  1,,  wliat  the 
actual  nieilium  is 
which  isconeerued 
in  the  transmis- 
sion of  these  ac- 
tions.      It    is    not 


the  atmosphere,  U.r  the  action  takes  place  as  readily  acro^.  a  vacv.un  , 
moreover,  if  tlie  air  be  replaced  by  glas>.  cardboard,  or  many  ..ther  sub- 
stances ihi  change  in  the  action,  if  any,  is  very  nnnute.  At  fir^t  MRht 
this  would  seem  to  tend  towards  showing  that  the  older  theory  .s  ri«.it. 

at    least,    so    far    as 

—    ^  ■       disregardint:  the 

.  ■  efiect    of    the     tne- 

I  dium    is  concerned. 

There      are.      h-w- 
/v  A, ::■;,.•.;.:  '         •    ^       ever,     certain     ma- 

trrials    which     pro- 
foundly modify  the 
action     if     tl'.ey    be 
Mih-tituted    tor    the 
air    or    any    of  the 
other         ^ub>tanccs 
n  a  m  e  d      above. 
These  are  the  mag- 
netic   metals,    iron, 
nickel,    and    cobalt, 
amongst  '.vhivl    iron 
stands  pre-eminent. 
Indeed,  we  shall  --ce 
later  that  VM^'^t  ma- 
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-  F.fffct  ot  Soft  Iron  on  Field  bet»ten  T«o  U.ilike  ToV.i. 


.e.:->u  produce  some  modification.   thou>.h   the  change  is  almost  infin.  ely 
less  than   in   the   ca=e   of  iron.     There  are   strong   reasons   tor  supposing 
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th.il  the  nu'iiiuin  primanlv  .i;i>svird' '.c  '•  r  '.Ir-  ••  jii«mi->l"ii  i»  tri'-  liriim 
I'.r-u*  Ltliir  \\\\w\\  tr;lti■■llm^  the  wave-  tli.it  I'm-ti'-utc  licln.  In  tltt 
•t  li^iit.  hi>\v\'. ft.  llic  prc>fiKC  I't  i;ri.--  nii::t'r  iii'mIiI,!*  !Ir-  ir.in^ 
.lii.l  >imi;,iriv   witli    iiuieiiitic    ti'tic-.    L•r■■•^    in.  pi'-likr^    ><  iiu- 

n-.' ilitK.itiiiii    wliali    1-.    I'lilv    "t    i.i.n-iil<.i,ihlt,-    MMHirtiuK     wln.-n    \\w   rn.iitci 
LI  ii-i>ts  Lirijiiv  uf  iron,   iik'rii-l.  I'f  i.  -b.ilt. 

I'iK-  o.x.iuim.itic.n,  tlurctuic.  "\  ;!ic  ialKn.iii.c  ul  i;1'j>>  in.illi.i  .>ii  iii* 
;r.i!i~iiii  I"!!  ''t  m.i);iiL-lic  tnici^  i^ 
111.-  oiilv  i>\  j)i,ii;tn..il  iiiii  .il-.'  .•! 
hiuii  ; ;icori-tn.al  iiitet>  -1,  .mil  .is 
iriMi  hi-  thf  yrcili-t  lulhuiici.'.  cx- 
IicDii.t'nts  in  wlikli  It  !->  u-i  1  will 
■H  iiiii-t  ..ikiii^.  Let  u^.  I"i  i:i 
'■t.iiKf,  intriiiiiKc  a  piin-  ..t  uii- 
iiLiyiK-tiM.'!  ^"?t  iron  iii  .in  iiii- 
sviiinH-tnc.ii  p(i>itii'ii  m  tiu-  tu-lil 
dtpictf.i  hv  iln-'  iiLtRiu-tic  nii\is 
(.:  I-'iu.  ;.;  The  ii'i^ui!  is  >howii 
in  i'li;.  ;;.  Mill  iii'Tc  striknii; 
art  the  c.ccts  >hi'Wii  m  Vx^.-  .2r), 
uhkli  i>  i.o|ii(.'.l  troiii  FarailavV  re-  j^ 
m-.iuIk-  .\,-  wc  -hall  -ee  Litir, 
;n  .1  iinitunn  tield  the  rihiiu-  -ImuM 
he  :n  ^tr.linllt  parallel  line-.  Sikli 
a  t:elil  is  shd.vii  ilepkteii  by  Miiiij;s 
.11  -eetion  ,/  ot  the  fiiiure.  the 
deviations  from  absolute  parallelism 
.i!u!  -tr. lightness  being  due  to  the 
■l;>!uiiiiiif,'  influence  ot  the  rili'iii-, 
!heni>elvc.-.  Il  into  this  tieUl  a 
bar  111  unmaj^nelised  sott  iriiii  be 
luiuduced,  the  filings  arr.uiuo 
:!K:ii?elves  .i^  shouii  in  -ectii'U  />. 
-.^iiil-t  it  we  use  a  ball  or  sphere 
.  ••i,.ui  of  the  bar,  we  obtain  the 
rc-.iit   -howii   in   section    C. 

Another  striking  c.ise  of  some  prai.tii..il  importance  i>  that  ik[)icted 
;n  Fig.  27.  in  which  a  Hat  iron  ring  is  -hown  pl.Kcd  hil-vrtii  two 
m.i'jnetic  poles,  a  and  b,  of  opposite  '>olarit\.  ['rovided  the  -on  of 
;lu  -ing  be  thick  enough,  it  will  be  found  th.it  no  magnetic  cur\c>  tan 
bi  ■.'aicd  in  the  central  plane  of  the  ring,  -hown  ni  section  in  "he  tignre. 
A"iiiiniig  tli.it  A  IS  a  north-seeking  pole.  in:H:v  ot  the  line-  i--iiing  from 
;t  .lie  deflected  and  drawn  t(>\vards  the  non.  wiiicfi  'hev  '•;'■.  but  not 
til  (.merge   on    the    inside   ot    the    ring.       i;i    the    co'      .iry,    t   cv    con mue 
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in  the  iron  and  pass  round  the  ring  to  the  points  symmetrically  opposite 
their  points  of  entry,  where  they  emerge  to  continue  their  course  toward> 
the  south-seeking  pole.  The  ring  thus  becomes  magnetised  by  induction 
in  such  a  manner  that  the  left-hand  outer  face,  as  we  shall  explam 
presently,  exhibits  south-seekinK  polarity,  and  the  right-hand  outer 
face  nnrth-sccking  polarity;  no  polarity  can  be  detected  on  the  mner 
surface  uf  the   ring. 

From  an  e.\amin.iti()n  of  these  figures  we  deduce  that  the  iron  pro- 
foundly modifies  the  magnetic  curves,  and  that  it  appears  to  gather  up, 
as  it  were,  the  lines  into  it.self.  In  other  words,  the  lines  seem  to  go 
out  of  their  way  to  run  through  the  iron  rath.-  than  through  the 
air,    as    if  they    found   the    paths   through   the    iron   to   be  easier   ones.  ^ 

This  effect  was  long  ago  ascribed  by  ' 
Lord  Kelvin  (then  Professor  William 
Thomson)  to  what  he  called  tlie 
greater  permeability  of  the  iron.  A 
still  more  recent  way  of  expressing 
the  same  idea  is  to  say  that  the 
reluctance  of  iron  a^'  regards  the 
magnetic  flux  is  less  than  that  of  air. 
Lines  of  Force.— in  the  preced- 
ing experiments  iron  filings  thrown 
haphazard  on  a  card  cannot  be  ex- 
pected to  give  more  than  a  general 
idea  of  the  direction  of  the  mag- 
netic forces,  and  as  regards  the  magnitude  of  the  forces  the  indications 
must  be  even  more  approximate.  Moreover,  the  plane  on  which  the 
filings  are  arranged  is  not  a  plane  in  which  all  the  forces  act,  for  at 
some  parts,  at  least,  and  especially  close  to  the  poles,  the  actual  forces 
inuNt  be  in  lines  passing  obliquely  through  the  glass  or  cardboard.  Still 
further  the  presence  of  the  filings  must  modify  the  forces  in  a  manner 
similar  to,    but   in  a   less   degree   than,  the   large   piece   of  iron    depicted 

in    Fii;.  2?. 

If  ni:-te.ul  of  using  tilings  we  carry  a  small  magnetic  needle  about 
in  llic  magnetic  field,  and  draw  lines  to  which  it  i-  always  a  tangent, 
we  obtain  lines  which  converge  on  the  poles  as  shown  in  Fig.  38. 
The>e  line-  being  in  the  plane  in  which  the  forces  act  are  actual  lines 
of  force,  except  so  far  as  the  field  may  be  disturbed  by  the  presence  of 
the  little  se.irch  magnetic  needle.  Since  every  line,  straight  or  curved, 
has  iw.)  directions,  it  is  now  necessary  to  specify  the  direction  in  which 
these  lines  are  supposed  to  run.  Remembering  that  the  direction  of 
the  magnetic  force  is  that  in  which  a  north-seeking  pole  would  tend 
to  move,  we  see  that  the  lines  run  fr'^m  the  north-seeking  pole  and 
towardi  the  south-seeking  pole.     These  dir-.ctions  are  usually  indicated  by 


Fig  a:  —Lines  of  Force  and  Screened  S|uce. 
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barbed  ariowheads  placed  on  the  lines,  and  it  will  be  noted  that  each 
line  either  begins  or  ends  (sometimes  both)  on  the  magnet.  This  is  a 
peculiarity  of  magnetic  lines  of  force  produced  by  permanent  magnets, 
though  not  necessarily  of  such  lines  produced  by  other   means. 

In  Fig.  28  the  external  lines  of  force  are  continued  through  the 
bodv  of  the  magnet,  and  where  they  are  not  broken  externally  they 
form  closed  loops,  no  two  of  which  cross  one  another.  Even  those  that 
are  broken  externally  form  similar  closed  loops,  but  considerations  of 
space  prevent  us  from  drawing  the  whole  of  the  loop  in  each  case. 
Similarly,  when  soft  iron  is  placed  in  a  magnetic  field,  as  in  Figs.  2? 
and  27,  the  lines  run  through  the  iron  and  do  nt)t  end  at  one  part  ol 
the  surface   to  start  afresh  at  another  part.     This    property    ol    the    mag- 
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netic  lines  should  be  carefully  borne  in  mind,  for  they  differ  in  tin^ 
respect  from  the  electiic  lines  of  force  which  we  shall  have  to  consider 
presently.  The  reasons  for  thus  drawing  the  lines  thruugh  the  material 
will  be  explained  later  ;  we  obviously  cannot  follow  them  there  with 
our  iron  filings  test  or  with  our  small  magnetic  needle. 

Intensity  of  Field  shown  by  Lines  of  Force.— In  soKing  magnetic 

problems  it  is  necessary  that  the  lines  ot  force  should  indicate  not  only  the 
dtii-rtt'in  but  also  the  magnittide  of  the  magnetic  forces,  i.e.  the  intensitv  ot 
the  field  (see  page  27).  We  have  now  to  explain  how  this  is  acroniplished. 
Suppo.-e  the  lines  eienly  drawn,  not  in  one  plane  only,  but  as  radiating  ir> 
solid  space  from  a  single  point P'llf.  Now  imagine  a  small  non-magnetic  ring 
moved  ne.ir  the  pole  so  a^  to  always  have  its  plane  at  right  angles  to  the 
lines.  The  number  of  lines  that  pass  through  the  ring  will  vary  inversely 
as  the  square  of  its  distance  from  the  pole.  But  this  is  the  l.iw  of  force. 
Hence  this  number  may  be  taken  to  measure  the  force  at  any  point. 
Since  the  lines  of  force  may  be  drawn  to  pass  through  every  part  of  the 


36 


El.ECIR'.ClTV   IS   THE   StRilCE   OF  MaS. 


\ 


i  I 


magnetic  field,  the  intciiMty  ot  the  field  at  a  point  may  be  measured  by 
the  number  of  lines  of  force  which  pass  through  a  unit  area  placed 
perpendicular  to  the  direction  of  the  hnes  of  force  at  that  point.  In 
passing  from  the  single  pole  to  the  actual  case  we  can  follow  the  same 
ru!e,  and  so  draw  our  lines  that  the  mimbet  passing  through  the  unit 
area,  placed  perpendicular  to  them,  shall  express  the  actual  t'urce  at  the 
centre  of  that  area.  It  is  important  to  note  that  we  do  not  assert  that 
mure  lines  might  not  be  drawn  in  the  intervening  spaces  which  would 
be  as  truly  lines  of  force  as  those  we  retain.  In  fact,  the  whole  space 
is  under    magnetic   strain,  and   an    infinite  number  of  true  lines   of   force 

could  be  drawn.  By 
adopting  the  above 
convention,  however, 
and  restricting  the 
number,  we  obtain 
valuable  assistance  in 
our  numerical  work. 
Under  this  conven- 
tion, wherever  the 
magnetic  force  is 
weak  the  lines  are 
few  and  sparsely 
scattered,  whereas 
where  the  force  is 
great  the  lines  are 
numerous  and  are 
packed  closely  to- 
gether. A  uniform 
magnetic  field  will 
be  one  in  which  the 
intensity  of  the  field 
at  every  point  deter- 
mined in  this  manner 
is  the  same  ;  in  other  words,  the  field  is  uniform  when  the  lines  ol 
force  are  parallel  and  equidistant.  Thus  a  small  field  at  a  considerable 
distance  from  a  magnet  will  be  fairly  uniform  ;  hence  the  magnetic 
■field  due  to  the  earth  in  a  room  free  from  the  presence  of  magnets 
and  magnetic  material  will  be  practically  uniform,  and  the  direction  of 
the  lines  of  force  will  be  that  of  the  dipping  needle  placed  so  as  to 
move  in  the  plane  indicated  by  the  declination  needle. 

In  Fig.  2<)  the  disturbance  of  the  lines  of  force  of  such  a  uniform 
field  by  an  iron  ring  placed  in  its  centre  is  graphically  depicted.  Before 
the  iron  ring  was  inserted  the  field  would  be  represented  by  a  series 
of  equidistant  parallel  lines  passing  vertically  from  the  top  to  the  bottom 


Fig.  ^9.— Lines  uf   Forte  deflected  into  Iron  Ring. 
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of  the  figure.  The  deflection  c.t  these  Imes  towards  the  iron  in  the 
space  outside  the  riiiR  and  their  exclusion  from  the  space  inside  the 
ring  which  thev  forsake  for  the  paths  through  the  iron  4iouid  be  care- 
fully noted.  According  to  the  general  rule,  wlierever  the  lines  are 
drawn  wider  apart  in  the  outer  space  a  weakening  of  the  magnetic 
force  is  indicated,  and  where  thev  ate  crowdctl  together  the  force  is 
greater  than  it  was  before  the  insertion  ot  the  ring.  Theoretically,  the 
central  line  passes  across  the  ring  because  there  is  no  reason  whv. 
on  enterii;g  the  iron,  it  should  pass  to  either  side,  I'ractically,  ho'.vewr, 
no   tield  would    be    found    inside   the    ring    if  ihe    latter    were    sufficiently 

massi\e. 

Another  set  of  lines  is  shown  in  the  figure  passing  across  trom  left 
to  right  ;  to  distinguish  them  from  the  lines  of  force  they  are  clotted. 
On  examination  it  will  be  found  that  these  lines  are  everywhere  at  right 
angles  to  the  lines  of  force  which  they  cro-s.  They  .ire  the  m.ignetic 
equi-potmtial  lines,  and  indicate  the  directions  in  which  there  is  no  com- 
ponent of  magnetic  force  in  the  field.  In  other  words,  an  isolated  mag- 
netic pole  placed  on  one  of  these  lines  would  experience  no  force  tending 
to  cause  it  to  move  along  the  line.  They  correspond  to  level  surfaces 
in  the  theory  of  gravitation,  -•  are  sometimes  useful  in  theoretical  in- 
vestigations. 


IV. — 


-RLAL   MAGNKTISM. 


A  compass  needle,  such  as  is  shown  in  Fig.  9,  if  placed  in  a  mag- 
netic field,  will  set  itself  along  the  lines  of  force,  since  in  this  position 
the  turning  moment,  or  torque,  acting  upon  it  becomes  zero.  Therefore, 
the  fact  that  a  compass  needle  placed  almost  anywhere  on  the  surface 
ot  the  earth  takes  up  a  definite  position  may  be  accepted  as  an  indica- 
tion that  it  is  in  a  magnetic  field,  the  position  it  takes  up  being  the 
one  in  which  it  lies  most  nearly  in  the  direction  of  the  lines  of  force 
of  that  field.  The  field  so  pointed  out  is  that  due  to  the  earth,  which, 
as  (lilbert  asserted,  behaves  as  a  large  magnet.  The  direction  taken  up 
by  the  compass  needle  is  approximately,  but  not  accurately,  north  and 
south  ;  the  direction  actually  indicated  is,  as  we  have  previously  re- 
marked, known  as  that  ot  the  mafmetic  meridnf  at  the  place,  and  the 
angle  between  this  atid  the  true  geographic.il  meridian  is  know^i  as  the 
lifcltnation  or  variation  ot  the  needle.  The  declination  has  widely 
different  values  at  different  points  on  the  earth's  surface,  and  the  f.ict 
that  the  two  meridians  are  not  identical  shows  that  the  magnetic  and 
geographical  poles  do  not  coincide. 

Besides  the  form  of  needle  termed  the  dcclinalinn  needle,  there  is 
another  termed  the  inclination,  or  dipping  needle,  which  we  have 
described    on    page  10.        The    angle    made    by    the    dirc.iion    of    the 
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needle  and  the  horizontal  plane  is  called  the  inclination,  or  angle  of  dip. 
It  has  been  ascertained  that  the  inclination  or  dip  also  varies  from  place 
to  place.  The  maximum  inclination  occurs  at  the  magnetic  poles,  where 
the  needle  is  vertical,  and  at  about  half-way  between  these  poles  the 
angle  of  inclination  is  zero,  the  needle  lying  horizontally. 

In  the  northern  hemisphere  generally  the  inclination  needle  has  its 
north-seeking  pole  dipping  downwards,  and  in  the  southern  hemisphere 
its  south-seeking  pole  dipping  uownwards.  It  has  been  already  pointed 
out  that  the  magnetic  north  p.,  e  of  the  earth  must  have  opposite  mag- 
netism to  that  ot  the  north-seeking  end  of  the   magnetic  needle. 

A  complete  knowledge  of  the  earth's  magnetic  field  at  any  place  is 
usually  obtained  by  three  distinct  measurements  by  which  what  are 
known  as  the  magnetic  elements  of  the  place  are  determined.  These 
magnetic  elements  are — 

The  declination  or  varhili'iii. 
The  inclination  or  dip, 

The   horizontal   component    of    the     magnetic    force,    usually 
called  the  horizontal  force. 

Such  measurements  have  been  made  at  various  points  on  the  earth's 
surface  and  the  results  embodied  in  charts  which  {fc  pages  41  'o  51) 
show  at  a  glance  the  value  of  the  particular  element  charted  at  all 
accessible  points.  The  chart  for  the  variation  is  an  extremely  important 
one  for  mariners,  as  without  maicing  due  allowance  for  the  variation 
navigation  on  long  ocean  voyages  could  not  be  carried  on.  Fairly  good 
measurements  of  the  magnetic  elements  may  be  made  with  compara- 
tively simple  apparatus,  but  for  their  determination  with  high  accuracy 
more  elaborate  arrangements  are  necessary. 

Measiirement  of  Declination.— For  the  accurate  determination  of 
the  declination  at  any  place  an  instrument  similar  to  that  shown  in 
Fig.  30  is  required.  The  particular  pattern  illustrated  is  that  known  as 
the  Kew  Magnetometer,  as  made  by  Elliott  Bros.,  and  is  similar  to 
the  one  used  by  Prof.  Riicker  in  his  important  researches  on  terrestrial 
magnetism.  In  the  position  shown  it  is  arranged  for  the  determination 
of  the  magnetic  meridian,  and  also  for  the  vibration  experiments  which 
we  shall  describe  later. 

The  instrument  consists  of  a  small  circular  table  h,  with  a  graduated 
rim,  the  table  being  mounted  on  levelling  screws  and  capable  of  adjust- 
n.jnt  so  as  to  be  accurately  horizontal.  The  central  part  of  this  table, 
carrying  the  observing  apparatus,  can  be  moved  relatively  to  the  rim 
round  the  common  vertical  axis,  and  its  exact  position  read  oflf  on  the 
divided  circle  by  the  microscopes  m  in  and  verniers  provided.  A  torsion 
head  a  -irries,  by  means  of  a  lung,  torsionless  fibre  protected    by  a  glass 
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tube,  the  magnet  m,  which  consists  i)f  a  holluw  tnhr  of  steel,  carefully 
magiittised.  One  end  of  this  tube  is  closed  by  a  glass  plate  on  which 
a  divided  scale  is  engraved,  and  the  ether  end  is  closed  by  a  double 
convex  lens  whose  focal  length  is  exa.t'y  that  of  the  tube,  so  that  the 
engraved   scale    lies    in    the   principal    focus   of   the    lens.      C  is  a    mirror 


FiR    30  — K<«  Macnfiomtttr,  arr«nf[«d  for  Declrastion  and  Vitrjiion  FxpeTiir. '  1. 

which  illuminates  the  scale  so  that  it  can  be  easily  viewed  in  the  field 
of  the  observing  telescope  T,  which  rests  in  Vs  clamped  on  the  large 
tube  and  carries  a  level  L  for  purposes  of  adjustment.  The  magnet  m 
slides  in  the  lower  of  two  brass  cylinders  which  hang  from  the  end  of 
the  fibre,  and  its  height  is  adju-ted.  by  nic.ins  ot  the  scrcu-  at  s,  so  as 
to  bring  the  geometrical  axis  of  the  magnet  to  the  same  level  as  that 
of  the  telescope. 
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A  preliminary  observation  sufficea  to  set  the  instrument  so  that  M 
hangs  in  the  line  between  c  and  t  with  no  torsion  on  the  suspend 
ing  tibre.  Witli  the  magnet  m  accurately  horizontal  the  final  adjust- 
ment round  the  vertical  axis  is  made  by  the  tangent  screw  s,  mitil 
the  axis  ot  the  telescope  and  magnet  are  exactly  in  line.  The  position 
on  the  circle  h  is  then  read  off.  The  magnet  is  now  rolled  over  in 
the  bras.-,  tube  so  that  the  scale  is  exactly  reversed  and  another 
adjuslnuut  made,  it  necessary,  with  the  tangent  screw,  the  circle 
being  agani  read  when  the  axis  ot  telesco])e  and  magnet  coincide. 
This  second  rcailing  with  the  magnet  turned  over  is  nece-sary 
because  the  magnetic  axis  of  the  magnet  may  not  coincide  with  its 
geometrical    axis. 

The  mean  of  these  two  readings  gives  the  position  ol  the  magnetic 
meridian,  ami  it  now  only  remains  to  determine  the  position  ot  the 
geographical  meridian.  This  can  be  found  by  noting  t)n  a  chronometer 
the  exact  time  of  transit  of  the  cenr  e  of  the  sun  over  the  central 
line  of  the  telescope,  the  sun's  image  being  reflected  into  the  telescope 
by  the  mirror  c,  which  turns  round  a  horizontal  axis.  For  this  observa- 
tion the  magnet  M  is  of  course  removed.  The  time  ot  transit  being 
known,  the  direction  of  the  sun  can  be  calculated  by  well-known  as- 
tronomical rules.  If  the  bearing  from  the  place  of  observation  ot  a 
tixed  distant  mark  is  known  this  mark  can  be  used  to  determine  the 
}  'ographical  meridian. 

By  taking  the  difTerence  between  the  positions  of  the  two  meridians 
we  obtain  the  value  of  the  declination. 

Changes  of  Declination. — Observations  made  with  this  and  similar 
instruments  show  that  the  declination  not  only  changes  lor  dttit'teiit 
places,  but  also  that  it  varies  at  dirlerent  times  at  the  same  place. 
P'aces  having  the  same  declination  at  the  same  time  may  be  connected 
to^-ether  by  certain  definite  lines,  termed  isoghnals,  or  isogonic  lines. 
The  isogonic  lines  on  which  the  declination  is  zero  are  called 
aff'ni'S.  The  isogonals  for  the  year  IQOJ  are  represented  in  Fig.  31, 
which  is  reproduced  from  an  official  chart  issued  by  the  Hydro- 
graphic  Dcp.irtmcnt  of  the  Admiralty.  It  may  be  again  ex])lained 
here  that  such  ch.irts  are  nautically  known  as  Variation  Charts, 
since  the  sailor  has  to  use  the  term  "  declination "  for  one  ot 
the  sun's  co-ordinates,  and  it  is  unwise,  whcie  lives  depend  upon 
accuracy,  to  use  the  same  word  for  two  very  different  quantities, 
especially  when,  as  in  this  c.ise,  they  are  both  measured  in  the 
s.une    units. 

From  the  declination  chart  we  see  that  otie  i)ortion  of  the  wcrld  has 
western  declination,  as  shown  by  the  continuous  lines,  the  other  part 
eastern  declination,  as  shown  by  the  dotted  lines.  The  two  parts  are 
separated    from   each    other    by    the   agonies,   or    neutral    lines,   of   which 
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.Icclinati.-n  runs  from  ""J*''"  \"">:,f  ^  ,',:^,  .He  ciicrn  ponion  of 
America,    tl,e    Atlantic    Ocean,   the    We.t    Ind  e,.   tie   ca.tc        p  ^^^^^ 

South  A,nc..ca,  then  to  the  ^f  »^-"  ?f  ^i,,,'t/thrPerMan  Gulf. 
Kurcpean  Ku>sia  (Lat.  30"  to  40  cast),  he  "l^^'' J"^'  J  ^^^  j^  is  sus- 
.he  huhan  Ocean,  and  through  the  western  J^^J  «' .f^^^'  ",,„,„,  .^op 
peeled  that  both  ;.rc  parts  of  a  clo>ed  cur%e.      I  here 


Fig.    ;j.— Dtclinalion  Lines  4*1 
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of  no  declination  in  eastern  Asia.  All  the  isogonals,  besides  intersect- 
inc  at  the  geographical  poles,  also  intersect  each  other  at  two  other 
points,  which  are  near  the  geographical  poles,  and  are  called  the  mag- 
netic poles.  ,  ,.  u  » 
As  these  intersections  cannot  well  be  shown  on  the  Mercator  chart, 
two  small  charts  for  the  north  and  south  polar  regions  respectively  are 
given  in  Figs.  .2  and  33-  The  two  magnetic  poles  are  easily  dis- 
tinguished. One  lies  to  the  north  of  North  America,  and  is  more  or  less 
accessible.  It  was  first  visited  by  Sir  J.  C.  Ross  in  .831.  The  other 
magnetic  pole  lies  somewhere  on  the  great  ice  cap  which  surrounds  the 
geographical  south    pole,   and  has  never  yet  been   reached.     The  positions 
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of  these  poles  are  not  fixed,  but  change  slowly  from   year  to  year    with 
the  secular  changes  in  the  magnetic  elements. 

The  lines  on  the  chart  give  only  the  average  values  close  to  the  points 
thev  pass  over.  The  true  isogonals  are  not  nearly  so  smooth,  for  the 
value  of  the  declination  is  affected  by  all  kinds  of  local  circumstances, 
sr,  that  the  lines  when  drawn  on  a  large  scale  do  not  run  smoothly  across 
the  chart,  but  exhibit  all  kinds  of  irregularities.    These  are  well  brought 


Fin.    ■,(.— ricJiiMiioh  l.ints  .11  South  Toll-  n<)<-i7>. 

nut  in  a  laborious  research  undertaken  by  Professors  Riicker  and  Thorpe. 
Fig.  ;4  gives  the  results  of  their  magnetic  exploration  of  the  British 
Isles,  and  shows  the  true  isogonals  with  all  kinds  of  curious  turns  and 
twists  in  them.  Combining  these  with  a  study  of  the  geology  of  the 
various  districts,  the  interes^mg  deduction  is  made  that  the  irregularities 
arc  due  to  "the  presence  of  crystalline  rocks,  and  especially  of  basalt, 
either  visible  on  the  surface  or  concealed  by  superimposed  masses  of 
set''inentary  strata." 

The  changes  which  depend  on  effluxion  of  time  are  of  four  kinds,  three 
being  periodic  and  one  irregular.  The  changes  of  declination  which 
tsttnd   over   long   periods  of  time   are   termed   secular  changes.     Besides 
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these  there  are  also  .ninuo/  and  -/.//Vv  changes,  the  whole  range  beini? 
completed  in  the  ve.ir  or  day  .espectivelv.  Iti  addition  f.  the  chan>;es 
which  resemble  oscillations  and  icxur  rc^ulaily,  there  are  cliaii;;..-  o!  the 
nature  ot  disturbances,  These  »/-r<-«.,»/  changes,  as  a  rule,  appear  at 
the  same  time  as  the  aurora  borealis,  and  will  be  a-aMi  referred  to  when 
we  consider  atmospheric  electricity. 

Tables  of  secular  changes  show  us  that  until  the  seventeenth  century 
the  declination  for  Isurope  was  eastern,  .ind  then  clian,s.cd  into  we>tern. 
The  lollowing  tables  give  the  declination  observed  at  I'ai  is  and  London  :— 
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At  present  the  declination  for  Europe  is  west,  being  on  the  decrease, 
after  attaining  a  maximum  value  about  1820. 

Gauss  and  Weber  collected  observations  made  during  twenty-four  hours, 
for  four  fixed  days  of  the  vear,  at  difTerent  place>  on  the  t'lobe.  to  determine 
the  daily  variations  in  the  e.arth's  magnetism.  They  found  that  the  declina- 
tion in  Europe  is  a  minimum  in  the  morning,  a  maximum  shortly  after  mid- 
day, and  then  decreases  until  evening.  The  maximum  ditTerence.  although 
not  the  same  for  all  seasiins,  is  only  about  nine  minutes  of  arc. 

At  the  Observatory  at  Greenwich  the  declination  needle  is  made  10 
record  its  own  movements  throughout  the  day  and  night.  The  maunet 
carries  a  small  mirror  on  which  a  beam  of  light  falls  in  a  dark  room. 
The  light  is  reflected  on  to  photographic  paper  ruled  for  hours  and 
minutes,  and  placed  round  a  cylinder  turned  by  a  clock.  The  dark  line 
traced  by  the  spot  of  light  is  .1  permanent  record  of  the  movements  of 
the  in.ignet. 

Measurement  of  Inclination.— To  measure  the  inclination  we  have 
to  arrange  to  swing  a  perfectly  balanced  magnetic  needle  in  the  vertical 
plane    rontaining    the    magnetic   nie'idiui.      For   accurate   results   various 
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tiip  tirilf."     With    til.     ^"in- 

;;   t.iirly   .n  curate   rusuli^   cm 

;m   illstniTiicllt    sllouUl   bt   used 


precautions   are   necessary    to   tliiniii.itc   the    in.v.iununtal   ern-rs  to    wluch 
even  the  best  instrutnents  are  lial'le. 

The   instrument    used    is    known    as  a 
p.irativelv  simple  instrument   shown  in   Fii; 
:ie   obtained,    but    lor  the  highest  accuracy 
•iinilar  to  that    il- 
iistrated    in     Fig. 
;o.    which     ^hows 
the  usual  Kew  pat- 
tern as  constructed 
by  Elliott  Bros. 

In  both  instru- 
ments the  dipping 
needle  n  s,  when 
in  use,  swings  upon 
asate  knite  edges, 
from  which  it  can 
oe  littei'  without 
(ipeiiing  the  case 
bv  means  of  mov- 
able Vs,  which, 
when      lowered, 

leave    it     on     the 

knite     edges    in    a 

•jierlectly      definite 

position.      In    Fig. 

5;      the       bluntly 

pointed     ends     of 

the    needle    move 

ever  the  vertically 

miuiiled      divided 

urclc,     '.in     which 

the  position  of  the 

nccille  -an  be  read 

lIT.     a  more  elab- 

i.rate  arrangement 

:>  Li>cd  in  Fig.  3b 


Fig.  34. —True  Isu);onaU  for  1886, 


;,-    Li>cu   111    r  ig.   \^, 

where  the  position  of  the  needle  is  read  by  bringing  the  ends  into  the 
.cntrcs  of  the  helds  of  view  of  two  microscopes  m,  and  m.,  carried  on 
a  diametrical  arm  '.vhich  can  be  rotated  round  an  a.\is  coinciding  with  the 
axis  of  the  needle,  and  whose  exact  posiliuii  is  to  be  read  ofi  by  means 
.  !  The  two   verniers  at   its  ends  on    the   large  divided    vertical    circle.      A 

motion  can    be  given  to  these   microscopes  by  the    tangent    screw   S. 

bfx   containing   the   needle,  in    both    instruments,   carries   a  level  L, 
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il  the  exact   poMtioti 
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\f  js-  -iiwl"  ^>'"''  °'  f''l'  Circle. 


and    is   ,n.H.,.c>.   to   roU..e   about    a   ve.ncal    ax.^   ,;' .   i;;';;,;,/;''.:';: 
ol  the  bori/ontal    asi^     't  the  dip.uiiK  nc>.  .  <  , 

read  i.l  ..n  the  liotizuiu  il  lul..  i  i  " 'U^ 
36  the  hoi  i/ontal  circle  call  be  read  t-  i  '  » 
arc  and  the  vertical  circ' ■  t<>  y" ■ 

Attc!  aaju^^UiiR  th.  in-.trutncnt  00 
the  mam  axi>  i^  vertical  llie  b'.x  h  lu 
so  that  the  needle  Ik-  ea^t  ami  wc  !. 
Fic  V  the  ei.d-  ol  the  needle  are  l.rounht 
as  accuratelv  a.  po>M!4o  to  the  go"  r.-ark,. 
Tl>c  needle  is  then  vertical  and  MvniK.ns  m 
the  plane  whKh  lies  niaunelic  ea^t  and  uc 
and  at  ri^h:  anulo  to  the  m^:  <Avz  meridian. 
In  thi<  plane  no  horizutifil  torce  can  act  -n 
the  needle,  which  comes  to  re>t  under  the 
uirtuencc  ot  th-  vertical  components  ..nlv  ut 
the  earth's  lurc^    and  thcrelore  stand^  verli. :al. 

read,   and    the    box    bem^    tht.l    r       lea     -u  ^i„,,,imti.    in- 

„„„  ,„„  ,„„, ,  „„  n.....a.c -.-;«;---;,,  j;,!;";;;:t..x, 

are  read,  and  the  needle  reversed  lace 
t,,r  face  and  the  readings  repeated  ;  hiially 
the  box  is  turned  round  180°  and  all  the 
readu.R,  repeated  .  ■  that  in  all  cii^ht 
,,b-civation>,  are  made,  and  the  yv^An 
taken  a^  the   Mio-t  cortic:   r-N.ilt. 

The  \eniu-r>  in  Kig-  .'(>  arc  set  to 
qo°.  .uul  ihi  box  >lowly  rotal.  d  until 
thJ  .nd  ..t  tlu-  -  Mdle  appear^  in  the 
centre  ..t  the  iicU!  ol  ihe  nncro,cope. 
The  box  i^  ilien  uniud  through  lO  .and 
the    needle   bein-  in    the    magnetic 

meridian,     the     niu  :"e~     are     move 

until  the  end  ol  ti.e  needle  appear,  m 
the  centre  •!  th.  -I'  of  one  ot  tlurn 
"  The  veriiKi,  on  i-.i  crtica'  circle 
then  read,  and  give  lu  delerminatioi: 
ol  the  dip.  By  reading  '^e  other  end 
1    .1   .   K   .,  in    tin-  other  "h'iervations. 

■  nd    il-..>  rever^in"-  the  needle  ami  the  b..x.   ,.~  m   tiic 

ana  ai-.>  re\cr  ni^  i  Uf.,i,,,.d       There    is,    however,   one  -ource 

seven  more  determinations  are  obtained.       incre    1.,  ,1,  .,,Mit- 

::.  i.- "-' '"-'  -'■•™-"- .'T;'r;.";:  i".:*'"  t,.  ai™,"!; 
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•ii;c  21).     It        then    I'i'  >--d   "^ 
rm>.i!     if'iti     ,1  il.wiu    irJ> 


u'lwards.     With   ihv  iicwly  m.ii;ii      -ed  iki-Hc 
.,,n^   .lie  rei>f.itcd,   .iiul   tlie  mean  •>!  iht   -  \U> 
a  very  .uiiivate  dctermiil.ition  of  liie  v.iiue  •>'  i 

Chang-es  of  Inclination.— Li^     dcJn^foi 

[.'lace  and  time;  here,  too  place-  iv  be 
iiKlitiatiun.  The  hues  whn,h  join  !v  se  j' 
I'.ii!  the  iMHilini  Uiic  ■  whi.h  thi  :::cHn 
iiL-tic  equator,  r  aclii.sc  Iv  »rom  -h 
magnetic   poles  the   inclination    varies   fri     • 


previKU-   f'u 

1>,1-!  V  111-  f!i.-       i. 


iliK 

inch): 

!    !ha! 


van 

■     Ml 


■II 

ni.  :iiv 

.     .     O*    t-'     uc 

I         horizon' 
Its    diivvinv 
hemisphere  its  south  pi.    poin-s  .   >wn         1-.  ind 
assumes  a  vertica!  pusttion.     Ti'.e  n  igneti..  eqi 
tlii^  geoKraphi<:al  cquat  'r,  but  cuts  ii  at  irre^u 
Lluit    (Fig.   37),   whif     is  taken  from    the  di 


cmi.i'.or   the    inclination    needl'i    take> 
11  Tthern    hemi.-plicre   its  north    j><>le   r> 
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tSDlill.!  lies, 

died  the   mag- 
iiator    to    the 
.   the  ma^jiietic 
•osition  ;    III   'lie 
in    'he   soiitheni 
magnetic  poles  it 
lot  run  parallel  to 
!  vais,  .1     'how'ii  in  the 
:ed   by  Admiralty 

1  the  r:      .hand  side 
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u  for  I'.06  at  Kcsv  wa^  b'.°  --:.I7.  It  i- ditlu  uh  t" 
h.uv4es  of  dip  are  periodic  .il;  troin  1S3:  to  1^51  tiic 
.  ho  increaMMK,  wiiiist  tor  l.ond.m  it  show=  a -te.i  !v 
to  iiave  pa-ed  a  detiliile  iniiiiniiini  m  ihi'k  A 
to  have  been  reached  at    I'ari-  in    I'l""^. 

f  Horizontal  Intensity.— Tlie  Kew  Magnetonut.  r 

.      ;i.)    ..ill     be     u>eil     aUo    to     determine    the    v.ilue 

icii-itv    u-uallv    denoted    by   h.      Two    .ct-   oi    exjie'i 

,y.        In    one    >el    the   ex.ict    time   .4    oscillation   ot    the 

s  mounted    in    Fi-.    ;-o   i-   determined,   an.!   Hon.    this    ue      .11 

,,■     .1,        1,,.»     r^f     ill.      niumftlr    moment     M     ot     the 
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ni.iKnct   and    H.      if   «    be    tin-    mmilicr   ot    iisi.ill.itii.iis    per  sci 
n;a>,'iut  when  disturhcil.  aiul  k   its  imvinciit  ul   iiicrti.!,  wc  h,i\i- 


M  H  =  4ir'  n'  K 


.11,1     of     iW 


ii) 


T'>  find  n,  the  m.ignet  is  sliijlitlv  .itdcctcd  Iroiii  its  poMtion  ol  toi 
and  then  left  to  oscillate.  Tlie  o-cilUitions  are  watched  in  the  tele- 
.-cope,  and  by  noting  the  pas-a<;es  of  the  centre  line  of  the  iii.iniu't 
scale  across  the  vertical  thread  of  the  telescope  the  time  t.ikeii  to  iii.ike 
100  or  more  vibrations  is  found  ami  the  value  of  ri  cm   bo  calculated. 

To  find  K  a  non-magnetic  rod  of  known  moment  ot  inerti.i  k,  is  in- 
serted in  the  upper  brass  cylinder  of  tlie  m  riet  holder,  and  the  new  v.ilue 
(;/,)  of  ti  due  to  the  new  value  ik-(-k,i  of  i;  is  found  ;    we  then  lia\e 

MH  =  4irV/,'  (k  +  k,)  (-) 

and  from  (l)  and    (z)    K   can    either    be   eliminated    or    c.dculaled.     Thus 
finally  we  find  the  value  of  M  h. 

To  separate  M  and  H  another  equation  is  required.  This  is  obtained 
by  arranging  the  instrument  as  in  Fig.  38.  The  upi^er  box  and  the 
transit  telescope  are  dismounted,  and  the  magnet  M  removed  tnvm  the 
suspending  fibre,  its  place  being  taken  by  another  ui.i.;iiet  M„  which 
cariies  a  little  mirror  m  fixed  below  it  and  at  right  angles  to  it-  axis.  Long 
carrier  bars  ss'  are  attached  and  the  glass  tube  is  fixed  on  the  lower  box 
so  that  the  new  magnet  M,  is  suspended  from  the  fibre  within  it.  Anolhei 
telescope  T„  with  a  scale  i  attached  to  it,  is  fixed  in  the  lower  tube,  and 
when  the  suspended  magnet  is  at  rest  the  zero  of  the  scale  should  be 
seen  on  the  cross  wires  of  the  telescope. 

The  magnet  m  used  in  the  vibration  experiments  i.s  now  placed  on  the 
carriage  c  so  that  its  centre  is  a  known  distance  r  from  the  centre  ot  the 
suspended  magnet.  The  latter  is  deflected  and  the  whole  instrument  is 
turned  round  until  the  zero  of  the  scale  again  coincides  with  the  cross 
wires.  The  angle  a  turned  through  is  noted.  By  reversing  m  on  the 
carriage  and  also  by  placing  the  carriage  at  the  same  distance  r  on  the 
t>ther  side  of  the  box,  four  values  in  .all  of  a  are  obtained  and  the  mean 
is  assumed  to  be  the  correct  value. 

Having  found  a  we  have  the  ecjuation 


-    = Nin  a 

H  2r 


(3) 


where  2/  is  the  "[Kilar"  length  of  the  deflecting  magnet  M.  In  exact 
work  corrections  are  required  for  the  temperature  of  the  magnet  m,  and 
of  tlie  bar  s  s',  and  for  the  efTect  of  the  earth's  induction  on  m. 

Fiom  equations  (i)  and  (})  the  separate  values  of  M  .md  H  can  be 
easily  found  by  multiplication  and  division  respectively. 

The  force  thus  measured  is  the  horizontal  component  of  the  intensity 
of  the   field   due  to   the   earth.     The   total    intensity   of  the   earth's   field 
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.cting  on  either  pole  of  the  "-^'^^5-;'-«';;:i^:::;j"S'^^:': 

horizontal    part    (or    component),   pu  hng    the    "^^^'^  «"  ^^    , 

nieridian,  aad  the  other,   the  vertical  component,  puUing  one 


E 
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* 
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needle    <lown.      We   mny   easily   detcrmme  the   total   mtensy^  .hen   vse 
know   the   horuontal   component    and   the   angle   of  d.p.      We   haNe   bu 
to  choose  a  scale  and  to  construct  a  triangle  thus :  Draw  a  b.  a  hor  zont 
line,   to   represent   on   the   chosen    scale   the   horizontal   ^'^^^^  \^^tfTc 
B  c    making  ihe  angle  a  b  c  equal  to  the  angle  of  d.p  ;  then  dra«    a   c 
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'^  f     Then   on  the  chosen  -i;^ilf. 

perpendicular  to  A  ^^,  and  ;"<^*^t'"K  «  ^  ;"  ^^  3  ,,,e   horizontal   component 
\    '  represent,  the^^-l  -^^tn^.^c  we  deduce  the  e<,uat.ons 
H,  .md  H  c  the  total  lorce  t. 

T  =  H  -i-  COS   ABC, 

V  =  H  X  TAN  A  B  c,  and 
T'  =  11'  +  v. 

Changes  Of  ■"tenslty.-As  n,;*'-;„^^^  iX^LrlS 

f,oni    point   to    point    of  the    sarins       .  ^„^.,j   isodynamic 

,„cl-uU.on.  Charts  showing  hnes  of  equal  inten^^^  ^^  ^^^^^  ^^^  ^^^ 
/,W.  or  ^sody■uamics  have  been  F^P^-'^;,^.^  ^^^.^^^  ,,^,  horizontal  force 
horizontal    force   is  shown   in  .t"g-  39-  ^  ^„   ^5,^   various 

at  Greenwich  is   taken   as  unity   (=1),  am^  J      ^.^^^  „^  ^,,e   force 

lines  therefore  express  the  ^f^.^J^Jcr^  "^  t,,,.   poles,  where  aU  the 

towards  Lhc  niagnetic  ^^^^  ^,   ,j,e  horizontal  intensity,  as  shown 
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,,.,Kl.ca   il^  maximum  v.iluc  in    1.07,  .^^    ^^^^^       Intensity   aUo 

-''-'"'  1  ^^"^    ;™l  Xl^cs     lun;^  the'twenty-four  hours  it  increases 
iKis  imimaland  ^1""^"^'.' "•'"^~,  '.^^oaTes   'luring  the  night. 
,,.,„,  „,,,„ng  till  evennig  and  d"'-;"J^'^;"/,i,„,,  i,it  we  have  still  to 

He,.,  weleave  the  subject  of  '"^^"^^  '^,  ^\J,    ^  of  niagneti.m. which 


CHAPTER    II. 
ELEC TK OS TA  TI CS. 

I. HI.F.MKNTAKV     1- UMIAMl'NTAI.     I'HKNOMFNA. 

In    the    historical    introduction    we    have   relerrcd    brierty   to  the  ciicun'- 
staiices,  as  t.nr  as  they  are  known,  under  which  electrical,  as  distinct  ir<.m 
magnetic,  ;)lienoinena  were  observed  from  the  earliest  times,  and  nKideiUally 
we    have  'had    to    describe    briefly   the    phenomena   referred    to.     I'p    to 
nearly  the  end   of  the  eighteenth  century  these  phenomena,  almost  with- 
out exception,  belonged   to    the   domain    of  electrostatics,   or   that  part  of 
the  science   which   deals   with    the    entity  called   electricity   in    a   position 
of  rest   upon   the  surfaces  of  bodies.     In    modern    times   electro.-,tatics   has 
been  quite  overshadowed  bv  the   rapid   growth  of   the   knowledge   of  the 
properties   of   the    electric  current   and    the   phenomena   connected   there- 
with.     Rut    as    manv   of    the    idea>   as>oci  ited   with    the   developmem    of 
the  earlier  science  permeate  at  least    the    literature    and   nomenclature   of 
the    later    science,    a   careful    study,    from    a    modern   standpoint,   of   the 
phenomena    involved  will   be  both   interesting  and  instructive.     Moreover, 
the    e-xistence   ot    electrostatic   actions   and   phenomena   has    to    be    borne 
in  mind  in  manv  modern  applications  of  electricity  ;  and  above  all,  these 
phenomena   in    their  future   development    may   lead    us   to   a    much    more 
inli.mate  knowledge  of  what  the  mysterious  entity  "  electricity  "  really  is. 
in    what    follows    some   repetition    of    the    elementary    tacts    already 
described    in   the  historical  introduction  is  inevitable   in  a  clear  treatment 
,.f  the  subject,  but  such  repetitions  will  be  as  few  as  possible. 

Electrical  Attraction  and  Repulsion.— If  we  rub  a  large  gi.i  ^  rod 

with  a  silk  pa'"  we  observe  that  it  will  first  attract  light  bodies  and  then 
after  contact  repel  them.  During  the  process  we  may  notice  a  peculiar 
noise,  and  if  the  experiment  be  carried  out  in  the  dark  we  ma>  further 
notice  sparks  passing  between  the  rod  and  the  rubber,  and  also  that 
the  rod  becomes  luminous.  If  we  su>pend  a  pith-ball  bv  means  ot  a 
^ilk  thread,  on  bringing  the  rubbed  rod  near  the  pith-ball  it  will  mo\e 
towards  the  rod,  touch  it,  antl  then  be  repelled.  If  th^  gla  s  rod  be 
iigain  brought  near  the  pith-ball,  it  will  move  away  trom  the  gl.iss  ,..d. 
and  continue  to  be  repelled  until  it  ha-  been  touched  by  soi.ic  other 
body.     From    this    and    similar    experiments    we    condudc    tliat    in    the 
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av  be   ni.iik-  to  as-si 


lie  properties  thej 


The   bodies  when    in 


this  peculiar  st.itc  are 


said 


FiK.  40.-  ElfClrical  Altr.iction  an<1 
Krpulsion. 


manner  described  certain  bodies  nv 
did  not  before  possess.     The   bodit  _ 

to  be  el^trified  ^  ^^ ':;;Xur  elSr^"  communicated  by  electrified 
In  order  to  ascerta.n  -  Aether  ^elect^  ^^^^..^ctrified  bodies  when  brought 

into  contact,  let    us   suspend  two  p.th-balls 
(Fig    40)   from   the   same   point   ot    support 
bv    dry   silk    threads,    and    t-uch    the    pUh- 
balls   «,  a  with  the  rubbed  ^lass  rod.      The 
balls   flv    from    the   rod    and    also   from   one 
another.      On    bringmg   near   them    a  third 
pith-ball   b  or    any    other    light    body,    we 
fn.d   that    though    ilKV   repel    one    another 
•iKV  attract  and   are   attracted  by  the  light 
bodv,  showing  that  they  have  become  e  ec- 
intied    by   contact    with    the    rubbed    glass 
rod.     From   this   we   conclude   that   an   un- 
clectrified   body    may  be   electrified   by   contact   with   an    e'cctnhed   body, 
and   ,lso   that    there    is   repulsion    between    two    ^f'^^^''^^^   'Zi 
tact       There    is    mutual   repuNinn    between    two    electr.ticd    bodies     but 
here   »    attraction    bctweei.    ,.    sn,gle    electrified    body    and    one    that     s 
unelectnhed.      Since    electricity    n,ay    be    in.parted    Iroin    o-J';^^    ^ 
another    in    the    manner   here   described.   «e   may   speak 
a  of    a    body    as    being    charged    with    electricity,    or    as 

\  having   a  \ertam    charge,    though    the    onh    evidence    we 

^  hare    uf   a    bmh   bemg    charged  is    the    force    it    exerts 

\%  on    other    bodies,    whether   that    force   be    one   of   repul- 

■^--^-         sion    or    of    attraction.      This    property    or    behaviour   o 
electrified   bodies   enables   us    to   examine   thc.r    electrical 

condition.  ,       ,         r       a 

EleCtrOSCOpeS.-The   two    pith-balls   already   referred 

to  give  a  ready   means  of  ascertaining  the  electrical  state 

of  any   body   supposed   to  be   charged,  but   they  are  no 

very  'sensitive.      If  instead    we   hang    up   two   very   hght 

u.,ld   leaves,  the    sensitiveness   will  Dc    increased.      Ihis    is 

d„ne    m    the    gold-leaf  electroscope,    which,    in    Us   most 

elementary    form,  consists   of   two   gold   leaves   hung   side 

by  --idc   within  a  glass  vessel  from  a  metal  wire  attached 

to  a  metal  plate  or   ball    on   the   exterior  ot   the   vessel 

as  shown   ...   Fig.  4'.      "   ^ve   touch   the  metal   knob   of 

the    m^trument    with    a  rubbed  glass  rod,  the  electricity  of  the   glass   rod 
nches    the   gold    leaves,    causing    tlum    to    diverge,    as    shown    m    the 

I^gu'e      We    may   further    observe    that    the   more    strongly   the    rod   .s 

-     ,     ,  ,    .-   ;-   -l-t.   ■^•vf'rf'ence  o!   'he  leaves. 

ciccl.ilicd  the  greater  la   -.i-^  v.Atrgence  i-i 
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But  the  gold-leaf  electroscope  is  not  a  vi-ry  sensitive  instrununt,  :iiui 
it  would  be  almost  impossible  to  detect  the  presence  of  very  sitiaii 
quantities  of  electricity  with  it,  hence  mure  sensitive  instruments  must 
be  employed.  Such  an  electroscope,  invented  by  Rehreiis  and  moditicd 
bv  Kiess,  is  shown  in  Fig.  42,  the  principal  new  feature  being  a  Zamboni 
pile  K  z.  The  electroscope  consists  of  a  single  gold  leaf  hanging  between 
two  symmetrically  placed  discs  k  t.  which  are  maintained  at  diflTertnl 
electrical  conditions,  or  (as  we  shall  subsequently  learn  to  describe  it) 
at  different  potentials,  one  positive  and  the  other  negative,  pnulucetl  by 
the  dry  pile,  or  battery  k  z.  Lord  Kelvin  calls  electroscopes  of  this  class 
lieterostatic,  because  they 
take  advantage  of  an  inde- 
pendent electrification  to  test 
the  given  electrification. 

None  of  these  instru- 
ments accurately  measure 
electricity ;  they  only  indi- 
cate the  electrical  conditions 
ot  bodies.  Apparatus  which 
enable  us  to  make  exact 
measurements  of  the  charges 
ot  electricity  on  bodies  are 
termed  electrometers,  not  elcc- 
tf  scopes,  and  will  be  de- 
^LTibed  farther  on.  The  latter 
sin>ply  indicate  the  presence 
ot  electricity  ;  the  former  do 
lui  ire  :  they  indirectly  meas- 
ure the  quantity. 

Two  kinds  of  Electri 

ftcation.— If  we  rub  a  glass 

rod  with  a  piece  of  leather,  and  touch  the  knob  ot  the  -oid-lcat  clectro- 
M-ope,  the  leaves  diverge  ;  on  rubbing  the  glass  rod  still  more,  .md  t.iuching 
the  knob  of  the  electroscope,  the  divergence  of  the  leaves  will  he  mcrta-cd  : 
but  if,  instead  of  again  using  the  glass,  we  touch  the  knob  with  a  ruiibeil 
rod  of  sealing-wax,  the  leaves  collapse.  It  we  reverse  the  order,  touching 
the  knob  with  the  rubbed  sealing-wax  first,  the  le.ives  divercc  and  then 
ii>llapsewhen  the  knob  is  touched  by  the  rubbed  glass  rod.  Tins  cxperi- 
nicnt  shows  that,  although  both  the  glass  and  the  sealing-N>ax  rods 
become  electritied  by  rubbing,  the  electrical  conditions  of  the  two  bodies 
,re  opposite  in  character.  When  one  makes  the  gold  l.-,>\es  diverge, 
:he  other  makes  them  collapse.  If  instead  of  the  gold- leaf  electroscojie 
ue  use  the  two  pith-balls,  wc  find  that  after  they  have  been  touched 
•,v;th  the  rubbed  glass  they  rtpel    one  another   and   are   also   repelled   on 


Fig.  4a.  — Hehrens"  Klectrowropf 
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h   of   the  rubbed   Kla.s.     But    it    now   the   rubbed   seahng-w.x 

«„,„  ,  .c^»  x''4rr''.,Jn;;,'c:„s,  :r '  w., .  ,,0. 

other   ,«,./«<,•   the  ""•'I';""  °'S1'>«    "»»'•"  ^^  K  Therefore 

'^■'T";-  r.r»Thorarr.i:'*bit  '.?,:■  e.hihu  *=  »,„» 

|v„,„vcly    •''^"'*«   /°7„bb„|  „i,h  a,nalB.„.ale<i    leather,  and   nep- 
-re'L:^:.  S:i;e."aMh.„  «h.h  -*..  proper,,,  o,  the  opp»»e 

."  «:&  rf,7.,7.».  //..■  »».<  *'«J «'  **"-";■"»  ';■'■■-'  ■™"  ■""•■'■  "'"'• 

does  not  change  its  electrical  condition.  -^^esponding  phenomena 

So  far  the  phenomena  are  very  s,m  lar         ^^  -  -spon^  J  P.^^.^^^.^^^ 
in  the  science  ol  magnetism    but  there  ^^re    eNe  p  .^^^  ^^^ 

,vhich  should  be  carefully  noted^   Thus,  an        ^^  ^^  „.,i 

„„e  or   two   other   '"='g"«,^>V'  Tn^^b    omes  inoperatKe   when   the 

attract  all  kinds  ol  light  ^^'^•«-  ;" ^^^  ^,^;°';^:rrthan  are  brought 
body  experimented  on  ^cqmres  ^^g^^ J^  ^^^.^^  ^^,^,.  ^.^dies  can  be  acted 
"^r".  ^^iJ^^i  ^UrJrett:  move  rTuTa  boxtood  meter  scale  balanced 
on  >f  «">>•  ^"'^'"^"''V7;i'  "!?  can  readily  be  attracted  by  a  piece  ot 
on    an   inverted   flask    (Fig.  43)    """T     ^^^^     j  ,,,iih  one  kind  of  elec- 

,..hed  glass  '^X';stTi;;;:n  tt^ha^^  b^^^^^^^^^^^  and  south-seeking 
'''f^'^Funhe;  1  bors'(insulated  conductors)  which  are  most  easily 
poles,     r  uriner,  uie    uuu  t    v  ,    ,    ,„j    rannot    be    handled    without 

--•^tr::s.sLt^iJ»^s-:-  — 

and  will    retain   its   magnetibm  for  \ears. 

as  we  proceed.  •   .,_„„en-  already  described,  and  employing  these 

.e,?;v;r  elled'tce'r:.  the  eleetrtca,  condU.o,,  o.  hod.e..  a„d  .o 
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ascertain   which  kind   of  clcctrihcation  a  body  lia..      The  method  adojitcd 
Kith   the  gold-leaf  elcaroicope  i=   the  lollowing  :   The  elccli o^^ope  li^  tir^t 


Fig.  4^.— El»-tncal  Attraction  of  a  htavy  body. 

charged,    sav.    positive'.v,   being    touched    with   a   glass   rod    rubbed    with 

leather,  causing   tiie   leaves   to   diverge  ;   then    the    knob    is   touched    with 

the  body  under  e.xa.i.ination  ;  if  the  leaves  diverge  still  further,  the  bod'- 

is  charged  positively  ;   if  the   leaves  partly  or   en- 

tirelv    collapse,    the    body    is   charged    negatively. 

Care   should   he    taken   to   ascertain    whether   the 

hotly    is   at    all    electrified,   as    the    divergence    of 

the  gold  leaves  is  lessc.ied  when  a  non-electritied 

bodv      ouches    the    knob,    because    some    ot    the 

elect  .    -v   of  the  gold   leaves   has  been  imparted 

to  the      ody. 

Conductors  and  Insulators.— It  we  suspend 

a  pith-ball  H,  (Fig.  44I  by  means  of  a   silk  thread, 

and  a  f-jcond   H,  by  means  of  a  metal  wire  Irom 

the  former,  and  touch  n,  with  a  rubbed  glass  rod, 

H,    becomes    positively   electrified,    and    is   conse- 

quentlv  repelled  by  the  glass  rod     and  H,  is  aNo 

lepelled,     although     not     touched     by    the     rod. 

Further,   h,   is  attracted   by  a  rod  of  sealing-wax, 

and    is    also    able    to    attract    light    bodies.      No 

charge    of   electricity   has    been    imparted    to    h, 

directly   by    contact    w;*.h    the    glass    rod,   yet    it 

shows  the' same  proj.ertiJi  .is  u. ,  hence  it  follows 

that   electricity   from  m,  must  have  passed  to  n,. 

or     in    other  'words,    that    the   metal    wire   cwancted  the    electricity    from 

H,'  to  H..     If  we  suspend   H,   from  H.   by   a  silk   thread   instead   of  a  metal 


Fig.  M'     Electric  Ptndjljin. 
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Again,  if  we  touch  the  knob  of  a  ""^^'^^^^^'^^-^^  lessened;  but 
uneleftrified  seahng-wax,  the  d.vergence  "'J  "^^  f^t  oscope.  «e  find 
.n  examining  the  rod  o.  ,^<^^''"R/""^„^y  ^^';-'  "3  ",,,,de  vith  the  electro- 
it  electrified  only  at  the  pl.ce  where  X^J'^'l^^^,^]^^  ,,i  over  the 
.ope.     Other  substances    such  a.  rnet^s    become  eectr,^^^  ^^^^   ^^^ 

surface    when    only   touched    at    one    point,      in  ^^ 

have  to  distinguish  between  two  cla-s  of  bod.es  m  th.  first  ^^^^^^^^  ^^ 
the    electricity    rapidly   spreads  over  the   surface,   and    m  ^^   ^^^^^^ 

.h.ch  the  electricity  only  spreads  over  ^^^^^^^J^f^J^l  \,,  ,,e  latter 
rate.  The  former  class  of  '^"'*'"  .'''\.;""  „.  ^  ^^areed  electroscope  be 
„on.conduc,o,s  or  iusulators      If  the   knob   of  "  ^^^^  jf  ^,^^„i,i,y  ^being 

touched  by  the  hand,  the  >'==^.^-^*/""^P7J'°"th;  human  body  to  the 
conducted,  as  we  shall  show  m  due  ^""'^'  ^>' jf  ^  go^d  conductor  of 
earth.     In   order   -   ^-d   whet  er   a^^^^^^^^^^^  ,,,,H    the 

electricity  or  not,  take  »'^.\^"^^'7/^,  '"^^..g,  collapse  immediately,  the 
knob  of  the  electroscope  with  .t  ;  .f  the  ^'^^^ ^^'l^,^^  ^v  touching  a 
substance    conducts    e lectnc.ty   welk      \^'g^2Z\.^^,,  no    signs   of 

second  unelectrified  .^l-'-^^;;.  f;,^^^^',^^;,^ htpassed  from  it  through 
electrification;  th.s   .s   because    he  clectr^  ty   ^^J  ^^,^.^^   ^^^  ^^ 

,he    human   body,   and   hence  to    the  earth.  ..pertaining    the 

leaves  take   to   collapse   S'-s   us   a    m    hod   o      o^g^^.^^^^^    ^^.^    ^^^^^^^^ 

;:^r;irt3.aSrwit"rSrire    .0^.,   and    with   dry   wood 

conducting  bod.es    smce   all    _^stances  oHe  ^^^^^^^^^  .^      ^^ 

passage  of  electr.c.ty,  -^^^^'''^J'^^^l'lf  ^he  substances  are  arranged 
the  following  list,  due  to  ^^y-'%:''^\%tZa.  better  than  the  next 
:^l.:tg°^Th:v"r'I;'l.:ia'as  conductors,  part.al  conductors,  and 
;:^22.     More  exact  tables  will  be  given  later. 


Me!.-il5. 
Chaico.it. 
Grai'liite. 
Aciiis. 

^ah  solutions. 


Alc.hol- 
Ether. 


CONUUCTORS. 

Sea».iter. 
J'fesh-water. 
Kain-water. 
Growing  vegetable. 


PAR  HAL   CONDrCTOKS. 

Dry  Wood. 
Maible. 


Parts   of  animals 

=till 

having  life. 

Soluble  salts. 

Lmen. 

Cotton. 

Straw. 

Ice  at  0^'  C. 

Ci^spucTOK^  /(.v/>  /ysiu.AroKS. 


INSILAIORS. 

Dry  nit  t  ilrm.Iei. 

OiU   etherc.il). 

^.Ik, 

0\U  ifrtyi. 

rorcelain. 

I'rrcioai  (tones. 

Athts 

Driec'  vesetaliles. 

Mica. 

Ice  it--',"  C 

Lraliier. 

Glaos. 

Pho*[ili.itj». 

I'archr.ent. 

Wax. 

Lime. 

Dry  piper. 

Sulphur. 

Chalk. 

Keather», 

Keiiin. 

Cauuichouc 

Hair. 

Amber 

Camrhor. 

\V«,L 

Shellac 

f'K-  45.  — Iniulatril    I»i«». 


Here,  then,  we  hive  an  expl.iu.iti.Mi  of  tlie  re.Tion  win  .n  the  t;irliest 
times,  and  even  as  recently  a>  tlic  time  of  (lilbeil.  many  siih-tances  wcr« 
considered  incapable  ot  electrification  by  rub'>inj;.  Had  conductors,  siicli 
as  amber,  could  be  held  in  the  hand  without  the  electricity  >;eneiated 
by  rubbing  being  conducted  to  the  earth.  Metals,  mh  the  contrary,  con- 
ducted the  electricity  produced,  by  means  of  the  hand,  t.>  the  e.irth.  In 
order  to  electrify  metals,  or 
any  other  conductors,  there- 
fore, we  must  support  them 
in  some  manner  by  an  in- 
sulator. If  thev  be  hekl  bv 
j;lass  handles,  or  suspended 
by  a  silk  thread,  they  may 
be  electrified  by  rubbing. 

Gases  at  ordinary  atmo- 
spheric pressures  and  under  electric  stresses  wliich  are  not  excessive  are 
bad  conductors  of  electricity  ;  if  it  had  been  otherwise  we  should  m  .er 
have  become  acquainted  with  the  iiiienomena  of  eieetrostatics,  lor  the 
charge  of  electricity  would  have  been  conducted  awav  bv  the  air  as  fast 
as  it  was  generated.  Moist  air  will  spoil  the  insulatiiMi  of  non-conduct- 
ing supports.  All  bodies  are  more  or  less  hygroscopic,  .i:id  the  moisture 
condensed  on  their  surfaces  thus  causes  the  best  insulators  to  behave  .is 
conductors,  by  giving  ri>e  to  what  is  known  as  surface  leakage.  Change 
of  temperature  also  influences  conductivity ;  red-hot  ulass  and  molten 
resin,  for  instance,  becoming  good  conductors. 

Electrics  was  the  name  given  by  Gilbert  to  those  bodies  which  he 
was  able  to  electrify  by  friction.  In  order,  then,  to  ascertain  whether  a 
body  can  be  electrified  or  not,  it  is  not  sufficient  merely  to  take  that 
body  in  the  hand  and  rub  it  ;  it  should  be  carefullv  insulated  first. 
When  such  precautions  are  taken  we  find  that  all  bodie~,  without  ex- 
ception, can  be  electrified.  The  following  e.xperiments  show  that  in  the 
process  the  rubber  also  becomes  electrified.  In  P"ig.  4;  a  is  a  glass 
disc,  n  a  di?c  covered  with  amalgamated  leather;  both  Ixiig  insulated 
by  means  of  glass  handles.     li  these  two  plates  are  rubbed  logcthei,  each 


il 


li 

I 
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:;;«.ive.y    cUan,..!    and    t^    wool    ^'^J):!^:.   ,n.,.   ^e   .U.U,.,i^^ 
„.W,..,,-    ..   Both   I '..he.   '-'   f  ^'7"^,;  ",„.„.    ,„,,,«„..    ;m,v    *.    ''tl"> 


^  CatsUiK  ur  fur. 
Wool. 

Ivory. 

Siiu'. 

Kotk  ity^tal. 

The    po=ltl"li     "f 


The  han.l. 

\Voo<l. 

Siilliliur' 

Kl.uineU 

Col  tun. 

Shellac. 


I  i.ijiii'.e. 

Guttaj.erclia. 
MetaK. 
_  (iuncoUuii. 


f    Hu.    '-aics   in    this    list    mu-t    not    be    re- 

•""^^    °'    ''"         ';i,acd  as  invariable,  l^.r  .t  depends 

,,n     the    parti.uhir     specimen     used 

,„j   U,e   sia'e   in    which   .t  happen. 

"'  Distribution    of    Electriflca- 

,ion  -U  is  inteie.lin-    to    exaunne 
U,e  distribution  of  the  clectritication 
„n  the  surlaces  of  conductors  which 
,,,ve     been     electrified,     either     by 
,,,ving   been    touched    with    rubbed 
..lass   or   in  one   of  the  other  wa> 
we  shall  describe  presently.     Kxcept 
in   the   case   of  that   mo,t    sy.nme. 
rical   of   all    bodies,   the  sphere,  the 
electrification    is    found    t..    be    un- 
equallv    distributed,  the    d'stributioi. 
depending     on     the     shape     ot     the 
body      A   Rood    method    ot  exanun- 
in-.'  the   distribution    is  by    using    a 
pr^of-plane   and    an   electroscope    or 
deetrumeter.     The  prooi-p  ane    con- 
K,g.  46.-rtou,k.-..^ -  gj^js    of    a    thin    disc   a    (f'K-    •+  '• 

„,„  .  „,eu,lic  .»r....,  a.ud,cJ  -  '''Jl^'^^.ttjv  «  le  "et.S 
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ths  surface,  ami   its  tlii  trititatnui  totol  by   means  ot  a!)  elfitroscopf,  or. 
better    still,   with    an    clix-trometcr.      Tlic    indications   of   the    instrument 
mea'inre   more   nr   Ic^s  accurately  the   quantity   nt  cU-cirificatio'i    removed 
from  the  charRod  bodv  bv  the  i)roofplani'.  an.l  a>  the  arei   "t  the  latter 
i<   constant,   this    quantity    is   a   direct    measure   ot    the   mean    Jrnsitv   «'f 
electrification    over    the    part    covered.     For   good    rcMilts  It    is    'iei.e-.>ary 
that  the  bodv  examined  should  be  placed 
at   a   distance   from  all  other   conductors, 
and  that   means  ihould  be  taken  to  kee|) 
its    total   charge   constant,    notwithstand- 
ing  the    small   charges   removed    '>v    the 
proof-plane.     The  Insulation   of  both   the 
charged  conductor  and  of  the  'iroof-planp 
should  be  perfect. 

One  method  of  exhibiting  the  results 
obtained  in  a  graphic  t  >rm  is  to  draw 
"■ound  a  dianram  of  the  iody  a  dotteil 
line  whose  distance  from  th^  surface  ot 
the  body  at  each  point  is  directly  pro- 
portional to  the  electrical  density  as 
measured  with  the  proof-plane.  The 
results  in  four  different  cases  are  shown 
ill  Fig.  47.  On  the  sphere  a  the  density 
is  everywhere  uniform,  as  we  might  <'.\- 
pect,  and  therefore  ♦'  .•  dotted  line  is 
everj'where  equidistant  from  the  sunace. 
On  the  elongated  ellipsoid  b  the  density 
is  much  greater  at  the  ends  than  on 
the  flatter  central  zones,  and  tliis  is  in- 
dicated by  the  greater  distance  of  the 
dotted  line  from  the  surface  at  the  ends 

as  compjared  with  the  central  parts.  The  i.\  imder  c  with  its  rounded  ends 
shows  still  more  markedly  the  eflect  of  the  curvature  on  the  density  at 
these  ends,  bit  the  end  cfT'ct  is  traceable  for  an  appreciable  d. stance  along 
the  regular  cylindric  surface.  The  last  figure  li  is  the  ection  only  of  a 
thin  circular  plate.  Here  tiie  effect  of  the  sharp  i^urvaturo  round  the  edge 
is  very  strikitig,  being  much  greater  than  on  *he  flat  portions  of  the  plate 
In  fact,  it  mav  be  stated  as  a  general  rule  that  the  density  varies  with 
the  curvature  of  the  surface,  being  greater  wherever  the  curvature  is  greater. 

Modes  of  pioducingr  Electrification.  -With  the  first  method  c!  - - 

covered  in  order  of  time,  namely,  friction  followed  by  separation,  we  .nay 
associate  other  mechanical  processes,  such  as  cutting,  filing,  pressing,  etc. 
etc.  For  instance,  Iceland  spar,  when  pressed  with  the  hand,  beoimes 
electrified,   and   remains   so  for   a  considerable  time.     Electrxity   may    be 
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1,1      and  i-.  thei     !.oincUiui:s  calkJ  pvro- 
proaucc-a   by   locating  ce.ta..|  "-'l"^;  ^^^.^^  ;,  tourmaline;  it   ren>ain^ 

unelectr..K-d  a.  Ions  as  .t  ha  ^  J^  ^^J^  ,,.,  ailTcrou  clcctr.cal 
boclio  ;  but  .1  it  l'«-'  '^■^'^'fl  °,„  '  .'.tc.  bci.ig  easily  tc.icd  by  n,can, 
p,,e.,  opiu.ilc   t..   each   other,  thur    >latc.  ^,;^^^f„,,„,J.     ^  i.  found  that 

the  pole  which  has  positive  clcctnc- 
itv    who   heated  will  have  nc^^ative 
when    cooled^      -rourniali.ie    letanis 
hs    elvictrical   properties    when    pow- 
dered     Another  mode  ot  fienerat.ng 
.lear.citv    occut,    in    the    che.mcal 
nroce.,  of  combustion.     H  l>as  been 
founa    that   whe.i    t>odies  are   slowly 
c.„>Maned    bv    tire    they    thetn^elves 
are  negatively  elecf.Hied.  wlul>i  the 
escaping     sm.>ke    »    po^.t.velv    ele.- 
trifled.  _,  „« 

Comparison    of   Chargres    of 

Electricity. -It     has    been     me,, 
tioned    that  the  only  evidence  o    a 
bodv-s   being   charged    wuh   eleciri- 
^itv    is     atVorded    by    the    force     it 
exert,  on  other  bodies.     It  is  plain, 
theretore,    that     we    must    nwa=iire 
quantities  ol  electricitv  bv  the  rela- 
tu-e    force-    which    tlie.e    quantities 
,.xen    .iiuier  similar  conditions,  and 
,„  order   to   do  thi.-   we  must   ascer- 
tain   the    connection    between     the 
quantities     of     electricitv     and     ll.c 
;:.ces     thev     exert.       To     ascertain 
accuratelv    the    connecMon    between 
the  lorce  exerted  between  two  elec- 

of  eii.pl..vu,g    It.   have   been    desu  b.d    • '         J P  p,„,^   r,.,,,.  „, 

A    more    c.inluUv   deigned   patter,^  as^  ^o.tst    ^^^      .^>^^,.^„,,.„,,   „.e    sus- 
electrostatic    work,  .s   f '"^^   '"       j^^'  ^^jj,   balance,    at  the  extremities    ot 
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increase  the  accuracy  with  winch  the  positions  ot  the  cncl.'^eJ  balls  can  be 
observed,  an  J  the  JivuleJ  circle  ha^  been  trau>;cricJ  to  t!»e  tuj-  oi  the  cylinJer 
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Fig    4Q.— Coulomb'*  ToTiiin  Palanr^  (^^lK!rt-n  formV 

Rv  means  of  an  arrangement  ot  this  kiml  Coulomb  proved  t!ie  fundainenta' 
law  ot"  electricity,  namely,  that  "two  small  electrified  bodies  altracl  or  unc', 
each  other  with  forces  proportio-ial  to  the  ar..iuiits  of  their  c!ectritiia.i.>ii>. 
and  inverseh    proportional  to  the  square  of  the  di-t..in(.e  betueen  tlieui." 


1 


1  , 

|i 

■■I 

i- 

i 

I 
I 

J 


4 


6a 


.,■,-     Crvl'/C£    OF    M.-iX- 

„,.,.^.U.. u«>,./U,c.,..»o.,..nayU,.fc,c.,   .I..n 


.        u  r    does  not  express  tlie  whole  of  the  facts. 

The  above  equation,  howe  .   r,  dot.  "^^      l      ^  \,  which  the  action 

.^.  L.  shall  show  presently,  the  -ed.um  auoss  or  th,  r  ^^  ^^^^^^^^^.^^  ^  ^^  ^^ 

;akc.s  place,  and  which  was  '^'\^^''^''ll^^^^^^  .houKl  be  intro- 

„,,porLnt  influence  on  the  resut   and  th^^^^^^^^  ,^^^    ^^^^^^    ^^^,^,^,,^.,^ 

duccd   recognising    this    influence   of   .he 
equation    will   therefore   be- 


as    it    is  called, 
therefore    run  — 


»=    thP    "  specific    inductive    cap'icity." 
wlicre    /•    represents    the      .^P^^'"      ,      v.^    ,^,^    ^liould 

/A.  ,/,W^<7n.:  whic/,  ^^P^'-J^''' f'.'".^      ^^  ,„easure    quantities   of  electricitv 
unit  Quantity  of  Ele^^^^'.^J'-^^ira'a  the  definition  of  this  un.t  IS 
absclutely  it  IS  necessary  to  have  ^""'^  ""'J,'  "^^^j       ^,,e  two  quantities  cciu.,1. 
,urni.hed  from  the  ^^^'^^^t^"^^^  capacity  each  un.tv. 

„Hl  the  torce,  the  distance,  and  '^^^  fP^*;  ^^^^.^^.j  ^mts  now  universallv 
The  unit,  thus  defined  in  '-^^'^  "^^'^^ ^^^,,Zc^ 

,aopted  in  scientific  work  is  the  ^^'^^^'^  ai:tncitv  at  another  point 
,,Uich  is  capable  of  repeUmg  a  s     -       quantuy  ^ .  ^^^^  ^^ _^^_^^^^  ^^  ^ 

,t  the  distance  r.i  one  centimeLc  '"/'[  ^^^"  ,„„,,,  ,  velocity  "f 

,,,,  .vuh  a  force  -^-^;-^^t  Sc  n  .  "  it  is  i.p'ossiblc  to  concentrate 
„„e  ccutimetre  per  sec  -nd  -;-  -^^';;';^,,i  balls  of  similar  dimensions,  the 
electricity  at  a  point,  ^^'"^^^^^.d  approximately  from  centre  to  centre, 
distance  in  centimetres  being  n'^^^"  '^^  '  .^  ^-^  ,3,^  approximately,  because 
The  torsion  balance,  however    only  prov      this  l^^^^^^^  ,^^  ,i,,,,,a 

,,  practical  difficulties  and  ^'"='"  f^^f^'d"^;,'  ."^^thods  to  a  very  high  degree 
,.,;.     But  the  law  has  been  F'^j^^'^^^y '"^^^fexp^^^  demonstrated, 

o.  accuracy,  and  t^-fore  can  be  ac^.eP^ed  ^  ^^^^^^^  .^  ^^^ 

One  of  the  greatest  difficulties  '"."*'"R/"  .  ^.^arge  the  balls  and 

o,  the  charges  from  the  bodies  expcnnj-^  «  •    J.  ^  ._^^^_g__^^_^^  ^^  ^^^^  ^_^ 

.,b.crvc  the  angle  of  separation,  ^^"^^^^^^  „„aller  and  smaller.     A> 
the  s.nne  position  for  some  t"-    ^i       glc  Wc^  ^^^^^  ^^^^^^_  ^.  ^„^  ^,^^^^. 

the  t..rcc  01  torsion  a,.,  n.  •    '^  '•  ^"^  ^,^^„^  ^,^  surrounded    by    a,r, 
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particles  in  the  air,  elcctrily  tlicm,  and  then  ri.pcl  llicin  ;  in  thi^  m.in- 
ner  the  original  quantity  >>l  flcctricily  is  dinuiii.-hcd.  .Moreover,  there 
are  no  perfect  insulators;  electricity  is  coiulucted,  though  very  >l"wly. 
throuRh,  or  over  the  surface  of,  the  best  insulator.  To  wliat  txtent  the 
electricity  will  spread  over  the  insulator  depends  upon  the  amount  of 
electricity  the  bodv  itself  contains.  The  amount  of  elei-tricity  on  the 
insulator  ditnini>hes  with  the  distance,  bcii;^^  d.-nsest  near  the  charj;ed  body. 
If  there  be  dust  or  moisture  on  the  insulator  the  electricity  will  be  comlucted 
awav  rapidly.  To  prevent  the  condensation  of  moisture  «■•'>>  in>ulators  are 
otteii  coated  with  a  thin  layer  of  shellac.  There  is,  however,  an  objection  to 
this  remedy,  as  particles  of  dust  stick  to  the  shellac,  ar.il  are  not  .so  easily 
removed.  A  better  method  is  that  adopted  by  Professors  .\yrton  and  I'erry. 
who  place  their  insulators  in  clo.^ed  or  nearly  closed  jjlass  vessels  with  strong 
sulphuric  acid,  or  some  other  desiccating  agent,  exposed  in  a  convenient 
separate  receptacle  inside  the  closed  space. 

II. — THE   KLKCTKIC    KIFl.l). 

The  law  of  electric  force  obtaiuc'  from  Coulomb's  exp.;riinents  is 
identical  ia  m.itheu.atical  form  with,  tlie  iaw  of  nugnetic  force  previously 
obtained  (page  27)  from  similar  experiments  with  magnets.  There  follows, 
therefore,  the  same  necessity  in  electric  as  in  magnetic  problems  for  con- 
sidering and  taking  into  account  the  action  of  the  medium,  and  much  that 
we  have  written  on  this  and  cognate  points  might  be  re-written  here  almost 
word  for  word  with  the  substitution  i-ily  of  electric  for  magnetic  terms.  We 
do  not  propose,  therefore,  to  repeat  the  arguments  set  forth  on  pages  2'!  to 
34,  but  we  ask  our  readers  to  bear  them  in  mind  in  what  follows,  and  to 
apply  them  mutatis  mntandis  to  the  analogous  electrical  cases. 

To  F'araday  again  must  be  ascribed  the  honour  of  first  suggesting  thai 
the  actions  taking  place  in  the  dielectric  medium  should  be  represented  both 
as  to  magnitude  and  direction  by  lines  of  force.  Such  actionb  exi>t  within 
the  space  to  which  the  influence  of  any  charged  or  electrified  body  or  system 
ot  bodies  extends,  and  this  space  is  known  as  the  electric  fieU 

The  existence  of  this  electric  field  is  due  to  electric  strains  set  up  in  the 
medium,  or  dielectric,  as  Faraday  called  it,  during  the  process  of  electrifica- 
tion  of  the  conductors,  just  as  the  existence  of  the  magnetic  tield  is  due  to 
magnetic  strains  in  the  medium.  The  strains  consist  of  a  tension  along  the 
lines  of  force  and  a  pressure  at  right  angles  to  them.  In  the  magnetic  ca>e 
we  have  a  ready  method  of  showing  graphically  the  gciur..!  trend  of  the 
lines  (>t  force  by  n»eaii>  of  iron  filings.  Unfortunately  there  is  no  method 
so  readily  applicable  in  the  electric  case,  but  the  following  experiment  devised 
bv  Faraday  is  suggestive. 

.\  glass  tank  was  neatlv  filled  with  turpentine  which  had  floating  in  it  a 
number  ot  short  pieces  of  dry  >ilk  f.bie.  Two  wires  were  p.issed  through  the 
vli tiral  ends  of  the  tank  opposite  one  another,  and  one  was  connectfd  to  a 
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,ng    chaim    ot    l-'''^'^'\'     ."^/i",^,    „,,  ,j,ain    a,ul    all    trace   of  regular 
electriticalion    (b>ai.i>care>i    they  bn.ke    ui    .„ 

arranKcn.ci.t  .li^  .ppeauil  ,^„ni„...l  the  stale  of  ce.tain  transparent 

h^i>^7S^'-^-^^'^'^^''''-''''i'^T^\lA.U.nd    F-.ved    that    the 
ai.lec.ri.s    hv     >—    '>^J    ';^^^  jl^i,.:     Wuliu-t  ,..n,«  deeply 

be  explan.cd    that    it    is 


liquid 

materia 

int< 


1   of  the  dielectric  was  in 


xrial   oi  me  ".^-- .  ^e  explanica    inai    ii    •» 

.   the    optical    arranRements  necessary,  '^     "^    ^,,,^  ,'„  jhe  v.hrati.>ns  of 
sibk  to  puiar.^  a  beara  of  hght  and  therein  '''  -^   /  '  \,,„,.,,,    ,,    be 


possible  to  p 


Fig.  5o.-E.ptri.n.nt  on  Electrostatic  Strain. 


which   it   consists    tt>    be 
executed  in  one  jilane.    A 
Nicol's   prism   consists  of 
Iceland  spar  so  arranged 
that  no  ligh.t  vibrating  at 
risht  angles  t<>  a  certain 
plane    can    get    through. 
It  is  therefore  possible  to 
place    the    prisia    in    the 
path  of  a  beam  of  plane 
polarised   light  in  such  a 
way  that  no  light  passes 
through    the    apparently 
trail-parent      prism,     and 
ivhat  is  known  as  a  dark 
tield     is     produced.       If, 
ving  tlie  polariser   and    before 
IS   at    all   changed   as    regard' 


however,  the  plane  polarised  be.iin,  after  le. 

reaching  the  analvser  (the  ^l;^J^'^--^,\,,,  Ught  will  get  through 
the  direction  ot  vibratmn  of  .  '^  ^^';^^' ^  "^  ^,.,,k  One  well-known  way 
the  analyser  and  the  held  -\^'--  '^ ''^^  ';,,,, ^.u  a  n-.n-crystalline 
of  eflecting  such   a  change  is  ^;;    '•';;;,  '^^'.^ect     he   solid    to   ..uchan.cal 

i;;--;-he  tuit^nf  h^rirt^'-ii.--"  -  -^  --•  -^  ^^ 

once  Illuminated  when  the  f  ^^  'J  JPjn;  ,,o  ..f  Dr.  Kerr's  e.xpenmems 
Wc  are  now  in  a  position  to  ^^^^^  '^  "'  '^^    '    .^.g.     -n.e  dielectric  used 
as  repeated  and  modihed  by    '^""^.^^^'^^^^V,;    special  precautions  being 
was  bisulphide  of  carbon  contained    n  «  8  ''=■  V^^^^'    '  i.^fl.n^^.bie  liquid. 

,.Ken  to  niininu.  ^'-.iJ-J^^'-^ltl!^^^  1  "T:  "noL.tcd  parallel  to.  but 
T.o  long  metallic  ^>  1-J  ;;  ;  r  1  a  t'ev'  could  he  readily  immersed  in  the 
UKsulated  Irom,  one  another,  so  tut  tu  ^^^^^^  ^^^^  ^ 

•    I     .  •        -I'l,       vv.-re  -u-neiidetl  Iroin  the  gia-s  piaic  i  i  v 
dielectric.      Ih.      wcrc.'ipci"  ,.,„.„  ....^-t   Lv  the  ulass  arches  c  and  (Z  ; 
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Fig.  51,— Etecuic  Strains  between  two  Charged 
Cylinders. 


polarised  light  was  passed  t'lroiiyli   the  t.mk   between   the  cvlindtrs,  parallel 

to  their  a.\t>,  ami  \va>  txaniiiii.il  hv  the  aii.iiy>er  oil  emerging  trinii  tlie  tank. 

With   tiie  evlindeis  iiiieleetritied  the  .in- 

•liv-er    was  >et    to   give    a   pirlettly    li.irk 

tiiKl.     (  )ne   evliiuler  was  then  eleetriticil 

j>"-itivelv  and  the  other  neg.itively,  with 

the  ri'^iilt   that   the  elTect   shown   in    Fig. 

;i     a]i|)e.i!eil   on   tile  screen.     The   spaee 

between  tile  cvlilider>.  which,  being  seen 

envl  on,  appear  as  spheres,  w.is  brilliantly 

illuminated,  the  re-t  of  the  tielil  reniain- 

iiig    dark.       The    eirect    is     the    same    a- 

th.it   which    would    have    been    prothiced 

bv   passing  the    light    through    a    tran>- 

p.ireiit  solit!  mechanically  strained. 

I'l  anothiT  e.xperiiiifiit  two  metallic 
pl.ite>  V  and  V  (hig.  52)  were  bent  so 
th.it   when   seen   end  on   they   resembled 

the  section  of  a  l.evikn  i.ii.  the  resemblance  being  increased  by  attaching 
a  wire  and  a  ball  to  the  inner  niate.  The  polarised  light  being  passed 
between  the  piates  and  the 
tield  darkened  before  electriti- 
catioii,  the  efTei.t  shown  in 
Fig.  53  appeared  as  soon  a^ 
the  plates  were  opjioMU'ly 
electrilieil.  Whin  two  <  <,//- 
trtilrii  cvlinders  are  used  the 
effect  produied  on  electritica- 
tion  i".  depicted  in  l-'ig.  54. 
H\'  further  ami  ^^ill  more 
bciutitul  optic.il  tol-,  the  ile- 
.scri|)tioii  ol  which  would  m.ikc 
too  great  a  demand  on  our 
space,  it  can  be  shown  that 
the  results  obtained  are  >uch  as 
euuld  ix-  predietetl  troiu  Max- 
well's th  'ory  that  the  dulectric 
strain  consistent  a  tension  along 
tile  Hues  of  lovce  and  ,1  pres- 
sure at  right  angles  to  them. 

The  iiitiu\it\  (,f  the  fielii  at  any  point  is  deliiied  as  the  electric  fi  rce 
with  which  the  tield  would  act  upon  a  unit  charge  of  elecli  icity  placed 
at  the  point,  it  being  postulated  that  the  presence  of  tliis  ch.irge  is  not  to 
disturb  the  existing   Held.     If,  theietoie,  a  body   electnlicd  witli  (y.)   units 


Fig.  53.— Lcyden  Jar  .MoticL 
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be  brought  to    i  pdiiu  ot  tlic 


itlil  where  tlic  intensity  is  I,  tlie  actual  force 

Comparing  this  witli  Coulonib'i 
equation, 


/  = 
we  g«t 

4'.  I  = 
and  thercture 
I  = 


wiiich  gives  the  intensity  of 
the  tield  due  to  a  single  charge 
q,  in  a  dielectric  of  specific  in- 
ductive capacity  k  and  at  a 
distance  U  from  the  charge. 

Following  our  rules  (page 

36)  lur  dr  iwing  lines  of  force, 

the    field   set    up    by    such    a 

charge    supposed     distributed 

over  a  small  spiiere  would  be 

as  represented  in  Fig.  55.      All  tlie  lines  start  from  tlie  surface  of  the  sphere, 

and  proceed  outwards  in  radial  directions.     The  actual  number  to  be  drawn 

according  to  the  ruI-.-s  can  be  readily  determined  by  supposing  a  sphere  ot  -.init 

radius   (I    centimetre)  to   surround  the   charged   sphere 

as   shown    In-    the   dotted  circle.     The    intensity  of  the 

field  (1,)  at  all  points  of  this  surface  is 


rif.  sj.— E<«<r>c  Sinim  ihowii  by  Lcrdea  Jv  Model. 
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'i*.  54.— Electric  Slrain» 
belween  Coiicclltrk 
Cylindert. 


and  the  lines  must  be  so  drawn  that  this  number    f ^'j 

crosses  each  stiuare  centimetre  of  the  sphere.  Rut  the 
area  of  the  sphere  in  square  centimetres  is  4  «•  it.e. 
4^/-"  =  4»,  since  r  -  I),  and  therelore  the  total  nuinber 
of  lines  required  is 


N  =  4  r  I   ^-- 


4»'/, 


This  number  n,  it  must  be  remembered,  is  the  /■,/«•/  number  of  lines  to 
be  drawn  outwards  from  the  small  sphere,  anil  not  merely  the  number 
in  the  plane  of  the  paper  as  represented  in  th<-  figure.  The  small  sphere 
is  supposed  to  be  positivelv  charged,  hence  the  arrows  denoting  the 
direction    of    the    lines   are    ditected    outwa.ds,    for    the    rule    is   that    thf 
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din\  linn  nf  a  line  of  fircf  is  that  tii  \lii,  h  a  /"  uinetv  chtiri^ed  bnd\-  wmld 
tend  V,  ni'Jie  al',nc  tt.  In  the  oi^e  rciirotiitcil  the  p(i>itivcly  tli.ii>;cil 
Ixiily  wduKl  be  repelled  by  tlic  ll.)^itivc■ly  Lli.iri;«.-il  >plicic,  hence  the 
HiRN  aie  directed  outwar  ;s.  CoMver^ely,  h.id  the  >phcre  been  nc^;atively 
chariiLd  the   lines  would   liave  run   Inward^   it. 

The    di-trihution    i>n     the    surface    nt    the    -plure    btinj;    uniform    it    i« 
coinpoialivcly  ea=y  to  draw  the   lines   of   lurcc    in   the   space    niiiiicdiately 


i  ^ 


tii;.  s^.— I.lii".  "f  Fnrcf  of   »   1  1  .1  ;:rii   S|  here. 


surrounding  it.  In  otlur  laR-^  wherv  the  ili-lnbutii-.n  is  less  ur.iform, 
a>,  for  in>t.'.nce,  tii'>se  bhown  ui  Fi^.  47,  the  pfhlein  lieconics  more 
complicated.  But  when  vve  consider  hew  thf  lines  o!  tone  inu-t  tend 
to  run,  we  >ee  whv  it  is  tliat  the  density  ot  the  elcclrifiLation  is  greatest 
uhere  the  curvature  is  -harpi -t.  In  ihc  fir-t  place,  we  must  remember 
that  the  lilies  ot  force  nuil  leave  the  -uilace  of  a  cluluclor  at  rij;lit 
angles  to  It,  N-'W  sup|'"'se  the  I'lit;  ivlindcr  v.ith  hemi^^plierical  ends, 
f,  l-'it;.  47.  to  be  placed  (I'ig,  =:')  ■y\  the  i  cntre  if  a  sjjhere  sm  large 
that  tor  .oi  pt.ictical  [i:i'pi-L>  the  inner  surface  ot  ibe  -pliore  1-.  equi- 
distant troni  all  p,(rt-  of  the  c\-lindei  - -in  other  woilK.  the  -|>liere  l^  to  be 
infi'iitely    larger    than    the    cylnider.       ll    it    f)e    --.ipp-'scd    thai    m    I'lg,    5b 
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the  size  of  tin:  cylinder  ii  has  been  cxaRKcnUcd  about  lOO  times  as 
compared  witii  tlic  splicrc  represented  by  tiie  large  circle  a  b  h  d  c  <, 
some  approximation  to  the  conditions  will  be  realised.  The  lines  leav- 
ing; the  cylindric  surl  ice  of  the  cylin<ler  in  the  plane  of  the  paper,  if  they 
travel  straiglit  lorvvard  without  curving,  will  all  tall  on  the  sphere  between 


a    h 


I. 

r 


c  d 

Fig."  56.  — I,lne<  of  Force  from  Chargril  CyllnHrr, 
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a  and  h  for  the  up]H'r  suilace  and  between  r  and  il  lo-  the  lower.  Those 
leaving  llic-  curved  end  .v  will,  under  the  same  conditions,  fall  on  the 
part  a  g  c  (jI  the  si)Iicre,  wliil?I  tho-e  leaving  the  curved  end  v  will  fall 
upon  b  h  d. 

A',  the  surface  a  h  d  c  of  the  sphere  the  field  which  all  these  lines  repre- 
svnt  is  practically  un;loitn,  b  ■cau>e  ot  its  jjieat  distance  from  11,  anil  therefore 
the  lines  will  lie  equ.ilh-  distrihuti  d  at  this  surface  and  «ill  be  radii  of  the 
sphere.      At   ;lie  surlacc   of  the   cylinder    they   are    perpendicular   to   that 
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surface.  CombinitiR  tlu-c  tw..  ciulitions  «c  ^.cc  tli.it  .ilthoui;ti  the  lines  w,ll 
not  be  pc.tcctlv  str.u-lit  when  d.-^e  lu  the  .yliiulei.  >c:  on  the  whulc 
many  more  miist  proceed  Iron,  the  lienu-plieric.il  eiuis  tli.m  trom  tlic 
evliiulric  -urtace.  The  lact  is  that  the  line.s  tmni  the  emb  represent 
.trains  in  a  region  of  ^p.i.e  verv  much  l.>r^er  than  that  which  receive* 
lines  from  the  cvlindrical  su.t.ice,  and  therctore  they  are  nuich  more 
numerous.  In  the  ti«ure  a  few  of  the  lines  are  drawn,  but  even  with 
these  few  it  is  dillicuit  to  draw  »ne  positive  ends  at  the  cvhnder  accurately, 
because  ot  he  small  though  exaRKfrated  scale  upon  which  tlie  c%hnder  is 
shown.     When    ii    is    remembered   that   the    end    ot    cadi    line    on    the 
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Fig,  57._Sliain  Liii''%  b«-lwfen  nilibctl  and  vri).\ratf.l  Dikes. 

cyliiuier  lepresents  a  liefinite  chaise  of  electricity,  the  unequ.il  distribution 
of  the  charge,  as  shown  in  c,  Fit;.  47.  "^  f^'ii'ly  ^^^''l   iii^-counted  tor. 

Electrification.— We  must  now  consider  more  closely  the  method  of 
producing  elect. iticat ion  ly  the  process  of  rubbinR  dissimilar  bodies  ti>gether 
and  then  separating  thcni  To  get  rid  01  any  complication  whii-h  might  arise 
it  the  rubber  wire  heU!  i-i  the  li.uul,  we  take  the  c.ise  o!  Fig.  ,^7,  where 
the  gl.Lss  disc  A  and  tlie  ieatlier-'.o\ei<'d  disc  It  are  mounted  on  and 
held  by  insulating  h.indles.  If  the  discs  a  and  ■;  lie  rubbed  together,  fiiit 
not  scfaiitUii,  no  signs  of  electrification  can  be  detected  bv  the  nost 
sensitive  tests  that  can  be  applied,  l.ut  if  the  discs  be  drawn  apart  a 
'  ;.j  distance  the  space  between  them  is  found  to  be  an  electric  field, 
and  as  ilv  y  s  'arate  farther  an>i  farther  electric  force-  will  be  f.uiid  to 
s.vi't    in    mor^  and  more  of  the  surrounding  space. 

The  •ollowing  poi-u  .  may  be  rein.irkttl  on  heie  : — 

-..  As  the  aiscs  aic   being    separ.iteil   they   are   attracting    one    anotl.,.. 


i 

I 


H 


/Tz/r,  ,K,c,ry  /.v  thk  Sf.vrtcF.  of  J/i.v. 

an.l  therefore  ...rk  ^^^  A^  A  -■-•  '■'  .Ir.wnK  thcru  ..,K.rt.  Wh-.t  b,...m« 
of  tl.c  eiRTKV  tin.  us..l  ?  The  answer  >s  .h,;t  U  .s  st.:c.l  a>  >.r  m 
cur^v     in     the     aick-.tric.      Ju.r     a,     n,     the    ..u«ncUc    '-.'\-.   '"        •, 

:.;;;.r^v  ..„..,'  .r..,n_„anKl.V.  .r-.u  the  w.-rk  d.-ne  bv  the  a.ot  wlu, 
drags  the  rnbhed  hodv  (a)  and  the  rubber  (M.  a.u.uler  lo  sc,.a.ale 
the  -I-  a.ul  -  elevtrdicalM.ns  work  nu.M  be  done  and  the  equualent 
eneruv  i.  >tore<i  in  the  .nedu.n,.  Tl'ls  energy  .s  therelore  sometnne. 
udled  the  .ur,r  „f  rl.rMa.l  srp.n.a...  Note  care  ally  that  ..  -s  no 
,l,e  work  done  in  ruNn„,^r  (wlml.  n.erely  produces  tnet.onal  IkU)  but 
tl,e    w.,rk     done    in    sr{>.,n,tw,'    whid.    deternnnes    tl,e    electr^al    energy 

'''"''  The  stress  indaated  bv  the  Unes  con^-ts  of  a  tension  .t  pull  in 
th/dir.aion  of  their  ienulh  and  a  pres.un-  ..  tinust  at  r.^ht  angles 
,„  ii.at  direction.  Hence  the  hues  alwav.  /.'■•  /  I"  >'.n„a.l  u:,d  tn  r,y. 
,.„  „..,//..  .s;7,x,/M.  Hv  bearing  th,s  n.  nu.d  it  .s  pos^ble  to  uuhca.e 
oual....tivelv  the  ai-proxnuate  .lireetion  of  the  hues  m  many  e..  •  -  m-  >■ 
I'ig.  =7  the  hue,  at  the  edges  of  the  disc  tend  to  bulge  .„,. wards  lor 
.k-^irness  a  seeiu-n  of  the  d.^es  has  been  drawn  in  the  i.^'er  part  of  the 
ligure  showing  the  lin.  s  in  the  plan.-  ..f  the  luper  onlv.  .     ,     ,       . 

;  The  Inie^  begin  and  end  at  the  electntications  or  charges  of  elecu;.,  s. 
In  .".ue  w,.v  of  luokn.g  at  the  plv.n..nKna  these  charges  may  be  regarded  as 
Mn,plv  indicatn,g  the  places  where  the  electrical  stresses  cease  to  cx,.U  As  1.^ 
a,  we  know  the-e  charge-  ,nu-t  always  he  asMK.ated  wuh  gnw.  mat  r,  h  t^ 
,„,  „„.-  o.  >o,cc  cannot  begn,  or  end  on  nothing.  We  see  tha  tins  iol low 
al  .,„,c  ,i  the  lines  have  to  b^^  generated   bv  some  such   method   a,  that   -el 

'""a  "xVill'i  each  line  is  as-ooaud  a  .lelmite  quantity  of  -|-  eleantication 
at  one  end  .ud  an  equal  q.aMiay  of  _  electriMcation  at  the  other.  1  here- 
lore  the  quant.tu  •  of  -|-  and  -  electrif^cati.  n  must  be  equal  and  one  cannot 
exist  without  the  other. 

The  considerat..n  ■  '  what  happens  when  the  d.scs  are  stdl  further  separated 
^^u^  be  , turned  .I.e.  >ve  have  .lealt  with  some  of  the  phenomena  ot  electric 
induction. 

i;;,--KI.KCT!;!C   IMUTTIuN. 

It  cin  !.e  shown  experin.cr.allv  that  the  pre-ence  of  an  electrified  body  is 
sufr.uent  ...  i...uluce  signs  >..  electrification  in  a  neighbouring  conductor 
although  there  .-  no  conductor  between  them  to  bring  them  into  eectncal 
contact  I'or  tin-  purp-e  Riess  u-ed  the  apparatus  represented  in  Imr.  58. 
The  stnul  /  has  .|nce  movable  arms,  the  middle  portion  ot  each  consisting 
ul  gl  iss     The  h,t,:.esi   arm    holds  a  brass   rod,   or    hollow  cylinder,  neatly 


■i 


Eirr:ttir  IsriiTio\ 


will II  pi.  .1.    Ill   in  tills  nuniKi,    is 

saiil  to  li.ivc  bciii  ciuscd  by  niiiur- 

ti'ii.     Hv   placing   the   pith   b.ills  at 

ditkriiit  h^.•li;hl^wc  may  iuo'.l-  that 

the  electrical  action  on  </ /'  is  ^uatc-t 

at  Its  ends.      If  we  move  the  pith 

balls  alonn  the  rod,  we  tii'.d  that   at 

a  point  near  the  middle  ol  tlie   rod 

thete  i".  no  reinibiuii.   anil  we   con- 

ihide  that  the  electritication  theie  is 

ii.iuj,lit.       It    now   we    examine   the 

clectricitv  on   tlie  •.  w   >  nds  ol    ,i   h, 

we  tind  that  the  electucal  luiuhti.'U 

at   ./   is  ojipo-ze  to  that  ot  the  hra-o 

ball  /■,  and  tin  tUUiical  coiulitioll  at 

/>  (ippoMti    '.<>  lii.il  ot   II.     The  Jioint 

at  whi.  h  there  is  no  si^n  o!  electrili- 

catioii  is  iH't  quite  in   the  nuddk-  ot 

rod  ,/  A,  beinj;  nearer  ,/  than  /'.     Ihe 

inlhienciii  bodv  retains  iis  clectriri- 

catioii  only  mi  loni;  as  the  hall  r  is 

not  withdrawn.      We  can,  however, 
.        ■  _    i    1 


Fig    ,8,  ~  Kirs>'  Inilii.  Ii'll  Anaiiluv 


not  withdrawn.      We  cm,  however, 

p  imanentlv  char-e  <i  !>  by  snnply  preventinj,'  the  two  charges  trom 
re-unitin^'.  Let  a  h  coiiMst  ot  two  parts  ami  suppose  r  t..  he  positively 
tkctritied.  On  briiiKinf,-  f  ne.ir  ,/  l>  the  latter  will  come  under  indnction,  .ind 
iie-ative  electrituation  will  he  l-nind  on  the  lower  half  anil  poMtive  on  the 
,,.,?„. r  „,rf  ,. I  ,» /.       Ii   now  the  two  narts  .lie  separated  from   e.ich   other,  e 


>n  the 
h  other,  e 

parts  ot  ii  /' will  retain 

course,  nui>l  be  well  in-iilated  as 
!e;^ards  the  rest  of  the  app.iratus.  Negative  eiectritic.it ion  only  is  obtained 
when 'J  t  is  connected  t.  r  an  in-! ml  with  the  earth,  the  coiineuion  bein^ 
removed  before  the  removal  of  the  inlluencinj;  charge  on  c. 

To  examine  the  elTect  of  placing  an  insulator  in  the  electric  t'eld  ol  a 
cli..r.i;e.!  bodv,  the  brass  rod  or  cvlinder  a  h  ninst  be  repl.icc'  hv  soriie 
insulator —tor  instance,  a  shellac  rod.     ll  the  bal 


lle'.itive  electrituation  will   ne  louiui  on   me   lower    nan   .nm  j..-.i.,v 
upper  p.irt  of ,; /■.      li   now  the  two  parts  .lie  separated  from   e.ich 
iiiav  be  ninoved  .i!-  ,  or  diichaiRed,  and  yet  the  two  p.irts  ot  ./  !<  wi 
their  iharRes.     The    parts   ,i    ai.d    /',    of  course.   nui>l   he  well   w-v 


e  IS  positively  electrified,  the 
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shellac  rod  on  the  near  end  (tliat  is,  the  end  nearest  the  ball  e)  will  be  found 
to  be  negatively  electrified.  The  difference  between  good  conductors  and 
good  insulators  is,  however,  very  narked.  Conducting  bodies  when  brought 
near  an  electrified  body  are  at  once  influenced,  but  return  to  their  ordinary 
state  at  once  on  the  removal  of  the  charged  body  ;  with  non-conducting 
bodies  both  processes  take  a  considerable  time  and  the  eftects  are  less. 

Another  and  more  sensitive  way  of  examining  the  phenomena  is  by 
means  of  the  proof-plane  whose  method  of  use  we  have  already  explained. 
For  this  purpose  the  apparatus  shown  in  Fig.  SQ  is  convenient.  The 
insulated  sphere  K  is  charged,  let  us  suppose,  positively,  and  the  insulated 


Fig.  59.— Insutated  Conductor  under  Inductidi. 

cylinder  a  h,  which  is  uncharged,  is  placed  near  it.  On  examining  the 
condition  ol  ah  with  the  proof-plane  negative  electrification  will  be  found 
on  the  end  a  nearest  to  the  sphere  K,  whilst  positive  electrification  will  be 
found  on  the  end  6  farthest  from  k.  The  distribution  will  be  approximately 
that  indicated,  according  to  the  system  explained  on  page  61,  by  the  dotted 
lines  at  each  end.  If  the  sphere  K  be  also  examined  in  the  same  way,  it 
will  be  found  that  the  distribution  is  no  longer  uniform  as  in  Fig.  47,  a,  but 
that  there  is  a  distinctlv  greater  density  on  the  side  nearest  to  the  cvlinder, 
and  that  the  density  elsewhere  is  perceptibly  diminished.  This  change  is 
also  indicated  by  the  dotted  line  round  the  sphere. 

The  investigation  enables  us  to  draw  approximately,  with  the  assistance  of 
our  previous  rules,  the  lines  of  force  for  the  charged  sphere  and  the  cylinder 
under  induction  near  it.  The  result  will  be  as  shown  in  Fig.  oo,  in  which 
the   hnes    in    a    central    vertical   plane    only    are    drawn.     The    negative 
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electrification  on  tlie  end  a  of  tlie  cylinder  indicates  that  a  certain  number 
of  lines  end  there,  whilst  the  pi.>i[ivc  electritieation  on  the /i  end  siniilarlv 
indicates  that  an  f^iiiil  numhcr  ot  lines  set  out  Iroin  that  end.  Kciueniher- 
ing  the  somewhat  similar  niaj;iietic  case,  it  niijjiit  he  .^uppused  that  all  the 
lines  that  enter  at  «  pass  throuf;h  the  material  ot  the  cylinder  and  emerge 
at  />,  as  they  would  do  it  a  h  were  a  piece  of  iron  under  induction.  But  this 
is  not  bo.  It  is  one  of  the  fundamental  properties  of  a  conductor  that  it 
yields  instantly  to  the  smallest  electric  force,  and  that  no  electric  U)rce  can  be 
permanently  maintained  within  the  sub>tance  of  a  conductor  in  which  no 
current  is  passing.     There  can,  therelore,  be  no  electrostatic  strain  and  no 


Fig.  60.— Lines  of  Force  of  Conductor  under  Induction. ' 


lines  of  force  within  the  material  of  a  conductor  when  the  electric  field  has 
become  steady.  Hence  the  lines  starting  from  h  are  entirely  distinct  from 
those  ending  at  a.  The  two  sets  are  equal  in  number  because  no  cha-ge  has 
been  given  to  the  cylinder,  either  positive  or  negative,  ami  therefore  the 
sum  of  all  the  positive  electrifications  (or  the  lines  starting  from  b)  must 
be  equal  to  the  sum  of  all  the  negative  electrifications  (or  the  lines  ending 
at  a).  In  all  nir.e  lines  have  been  drawn  at  each  end  of  the  cylinder, 
leaving  thirteen  lines  emanating  from  the  sphere  wliich  do  not  run  on  n> 
the  cylinder. 

If  now  the  cylinder  be  withdrawn  to  r.  distance  from  k,  it  (the  csliiuier) 
will  be  found  to  show  no  •  igns  of  electrification,  whilst  k  will  be  restored 
to  its  original  condition,  which  w  ill  be  something  like  what  is  shown  in  Fig.  0 1 , 
where  the  twenty-two  linca  emai.ciing  from  k  in  Fig.  00  are  found  to  be  still 
attached  to  k,  but  their  negative  ends  are  now  on  the  table  and  the 
distant  walls,  etc.,  of  the  room  ;  all  these  end:,  therefore,  cannot  be  shown 
in  the  figure.     Because  01  the  greater  proximity  of  the   table,  which  may 
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be  regarded  as  a  conductor,  the  greater  number  of  lines  are  drawn  from  the 
lower  surface  of  the  sphere,  where  the  surface  density,  if  tested  by  a  proot 
plane,  will  be  found  to  be  greater  than  on  the  upper  surface. 

We  can  mentally  form  a  picture  of  how  the  lines  get  back  to  their 
original  position  if  w'-  follow  in  detail  what  must  take  place  as  the  cylinder 
,,  h  (FiK  (■")  1-  1'  .  withdrawn.  In  dniiiL;  thi^  it  mu>t  bo  borne  in  mind 
that  the  lu.ls  iA  ti.     lines  are  perfectly  Irco  to  move  over  the  surfaces  of 


\% 
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Fig.  61.— Lines  of  Force  of  Chwged  Sphere. 

conductors   and   that   when   at   rest   all   lines  must  leave  such   surfaces  at 

right  angles.  .  ,  , , 

The  1  end  of  the  line  .v,  if  a  b  were  moved  a  little  to  the  right,  would 
slip  ofithe  foot  of  the  stand  and  move  a  little  to  the  left  along  the  table, 
whiht  the  hump  at  x  would  be  flattened,  the  line  would  contract  and  become 
somewhat  straighter.  The  two  lines  n  and  n  to  the  left  of  x  would  be 
allectccl  similarly,  losing  some  of  their  special  curvatu.c  and  movmg  to  the 
left      The  lines"  on   the  left  of  them  would  also  move  towards  the  lett. 

Simultaneously  the  line  y  would  be  stretched  by  the  movement  of  its  -  end 
to  the  right,  this  being  the  cause  of  the  movement  in  x,  which  gets  pushed 
down  hv  the  advancing  y  line.  At  the  same  time  the  -|-  end  ot  z  is 
being  drawn  to  the  right,  whilst  the  stand  is  slipping  under  its  -  end. 
which  will  tend  to  follow  the  retreating  -  end  of  x.  A  motiient  will 
eventually  arrive  when  the  lines  >■  and  r,  but  especially  the  latter,  will  become 
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quite  unstable,  the  +  end  of  z  will  slip  along  the  cylinder  and  snap  on 
to  the  —  end  of  r.  the  two  leaving;  the  cylinder  and  forming  a  contuiuous 
line  entirely  in  the  dielectric,  of  a  shape  somewhat  similar  to  .v  n\  h  ig. 
60,  but  having  at  first  a  more  decided  hump. 

The  +  ends  of  the  eight  lines  left  on  the  right  will  now  be  found  to 
have  moved  round  the  b  end  of  the  cylinder  in  a  clockwise  direction,  whilst 
the  —  ends  of  the  eight  lines  still  terminating  at  the  a  end  will  be  found  to 
have  slightly  moved  round  that  end  in  a  counter-clockwise  direction. 
Also  the  +  ends  of  all  the  lines  on  K  will  be  found  to  have  moved  in  a 
clockwise  direction,  some  more  than  other.s.  and  .so  that  the  distribution 
on  K  is  now  slightly  more  symmetrical  round  the  centr.il  vertical  line 
than  it  was  before. 

As  the  cylinder  is  further  and  further  moved  to  the  right  the  move- 
ments detailed  in  the  last  three  paragraphs  are  repeated,  the  lines  at  the  h 
end  one  by  one  joining  on  to  the  corresponding  lines  at  the  a  end  in  the  manner 
described.  Finally  all  the  lines  will  disappear  from  the  b  end,  and  it 
follows  that  with  the  disappearance  of  the  last  6  line  the  last  a  line 
must  simultaneously  disappear  and  the  cylinder  be  left  without  any  trace 
of  electrification,  the  final  field  of  k  being  that  depicted  in  Fig.  bi. 

If  now  the  cylinder  be  gradually  brought  back  again  along  the 
line  of  its  previous  retreat,  all  the  above  movements  of  the  lines  will 
occur  in  the  reverse  orcl.-r.  The  reader  should  go  carefullv  thioiiKh 
the  reverse  jiiocess,  so  that  he  may  become  familiar  with  tin-  ( h.ing.s 
which  occur  in  the  field  in  this  simple  but  important  case.  He  should  not 
neglect  to  notice  that  the  first  effect  of  bringing  the  conducting  cylinder  int.. 
the  more  distant  parts  ot  the  field  is  to  produce  a  delbrmatioii  of  thj 
lines  ot  force  there  even  before  a  measurable  quantity  of  electrification 
can  be  detected  on  the  cylinder.  The  fact  is  that,  looked  al  from  tins 
point  of  view,  a  conductor  in  the  field  appears  lo  act  as  a  weak  spot  or 
hole  in  the  dielectric.  This  can  be  readily  seen  by  comparing  Figs.  (.0  and 
61,  for  the  strain  lines  evidently  yield  in  the  direction  of  the  cylinder  and 
are  drawn  towards  it  as  if  its  presence  were  causing  the  state  of  strain  to 
break  down  in  its  neighbourhood.  With  this  further  key  many  interesting 
problems  can  he  solved.  It  is  also  important  to  note  that  the  movements 
of  the  ends  of  the  lines  on  the  cylinder  connote  electric  currents  in  the  cylinder, 
a  point  to  which  reieience  will  be  made  later. 

Electrification. — We  aie  now  in  a  position  to  resume  our  consideration 
of  the  process  of  charging  the  two  discs  represented  in  Fig.  57.  So  tar 
we  have  assumed  that  there  are  no  conductors  in  the  neighbourhood  of 
the  discs,  and  in  this  case  all  the  lines  starling  from  a  will  end  on  11. 
But  in  the  actual  case  conductors,  some  of  them  very  large  ones,  are 
near  at  hand;  for  instance,  the  body  of  the  experimenter  who  is 
drawing  the  discs  apart  is  such  a  conductor,  or  if  they  are  Lcing  drawn 
apart  by  mechanical  means  the  great  conducting  mass  of  the  earth  is  not 
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far  di>lant.  Thi'se  conductors,  as  wc  haw  just  steti,  act  as  holes  in  t!if 
iht  Icctnc,  and  tlicir  intsencc  begins  to  make  itself  felt  as  soon  as  the  rubbed 
bodies  an!  fairly  sojiarated. 

Let  c  (Figs.  62  and  63)  represent  the  part  of  son.;  large  conductor 
nea/est  to  the  separating  discs  a  and  n,  which  are  represented  as  drawn 
farther  apart  than  they  are  in  Fig.  57.  In  Fig.  62  the  lines  01  force, 
though  yielding  in  the  direction  of  the  conductor  c,  have  in  no  case 
actually  reached  it.  In  Fig.  63,  however,  five  of  the  lines  of  the  pre- 
ceding figures  have  touched  c  and  snapped  asunder,  forming  two  groups 

of  lines  ;  one  of  these 
groups  starts  from  A  and 
ends  on  c,  whilst  the 
other  starts  from  C  -nd 
ends  on  u.  The  remain- 
ing ten  of  the  original 
lines  still  begin  on  a  and 
end  on  b,  but  their  paths 
have  been  considerably 
changed.  The  three  figures 
should  be  carefully  com- 
pared. 

In  the  last  two  figures 
there  is  a  want  of  sym- 
metry about  the  lines,  due 
to  the  fact  that  one  of  the 
discs,  A,  is  an  insulator  and 
the  other,  b,  a  conductor. 
The  electrifications  on  b, 
that  is,  the  ends  of  the 
lines  of  force,  are  free  to 
sweep  over  the  surface  to  any  position  required  by  the  changing  external 
circumstances.  On  the  other  hand,  the  electrification  of  a  is  quasi-rigid, 
and  can  only  yield  verv  slowly  and  slightly  to  the  electrical  forces.  It 
will  be  noticed  that  the  >.nds  of  the  lines  on  a  retain  almost  the  original 
positions  of  Fig.  57,  whilst  those  on  a  have  changed  considerably. 
Moreover,  the  lines  leave  a  at  all  kinds  ot  angles,  showing  that  the 
electric  forces  have  components  parallel  to  the  surface ;  but  the  lines 
falling  on  u  ah  fall  perpendicular  to  the  surface,  it  not  being  possible  for 
a  line  at  rest  to  meet  a  conductor  at  any  angle  which  would  give  a 
component  along  the  surface. 

It  is  easy  now  to  follow  the  further  process  of  separation.  The 
remaining  ten  lines  will  one  after  the  other  strike  C  and  divide  into 
two  lines,  until  finally  no  line  beginning  on  a  will  end  on  b.  The 
charges  on   a   and   b  will   now  be   separate   and   independent,   each   with 


Fig.  6a.— Effect  of  Neighbouring  Conductor  on  an  Electric  Field. 
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its  own  electric  field,  and,  \vliil>t  tlic  discs  .uc  ki  pt  ii.sulatcd,  these  charnos 
am  be  movcl  about  ai  pleasure  ;  the  ends  ot  the  line  on  c  and  otiier 
earthconneeted  conductors  will  follow  the  discs  in  their  motions  as  may 
i)e  necessary.  The  distribution  on  a  will  he  fairly  rigid  whatever  position 
it  be  placed  in,  but  that  on  it  will  continually  adapt  itselt  to  tiie  position 
ot  iieighbourinn  conductors. 

We   have   dealt    with    this   simple   case   in   grcit    detail    because    it    is 
a  typical   one  and  incidentally  touches  most    of  the  chief  points  involved. 
We   now   leave    the    reader  to  apply  the   principles  to  other  simple  cases. 
The    one    in  which 
during    the   process 
ot     separation     the 
conducting     rubber 
is  held  in  the  hand, 
and      therefore      is 
aUvays     earth  -  con- 
nected, will  present 
no  difficulty. 

Electricity   on 
Conductors.— 

From  the  preceding 
it  will  be  obvious 
that,  on  conductors, 
the  electrification  or 
electricity,  that  is, 
the  ends  of  the  lines 
of  force,  when  at 
rest  can  reside  only 
on  the  surface,  for 
no  line  of  force  can 
penetrate  -  conduc- 
tor.    This,  which  is 

so  obvious  when  we  consider  the  dielectric,  is  not  so  clear  when  the  old  fluid 
theories  are  followed.  It  is  an  important  point,  however,  and  worthy 
of  experimental  examination.  For  this  purpose  the  app.iratus  shown 
in  Fig.  64  may  be  used.  The  brass  ball  a  rests  on  a  glass  rod,  and  can 
le  accurately  covered  by  the  conducting  hemispher-s  n  and  c;  both 
hemispheres  have  insulating  handles.  Cover  A  by  means  of  B  and  c, 
and  charge  the  apparatus  ;  after  the  removal  of  n  and  c,  A  shows  no 
sign  of  electrification,  whilst  b  and  c  remain  electrified.  The  experiment 
is  more  strikinc  if  performed  by  first  charging  a  and  then  placing  b 
and  C  over  i..  The  jlectricily  that  was  at  first  on  the  surface  of  A 
passes  to  the  surface  of  b  and  C,  and  can  be  removed  with  them, 
leaving    a   completely   discharged.      The    part    played    by    the    dielectric 


Fig.  63.— Effect  of  Neighbourinx  Conduclof  on  an  Electric  Field. 
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F«.  64.— Conducting  Sphere  and  Movable  Hemisphere! 


in  these  experiments  can  easily  be  traced  by  the  aid  of  previous  ex  .ons. 

Theory  of  the  Proof  Plane. -The  above  experiment  also  111.     .^ces  the 

theory  of  the  proof  plane.     When  the  thin  plate  f>  of  the  pane    held  by 

■^  *^  its    insulating    handle     //,    is 

brought  into  close  contact  with 
the  electrified  surface  of  an 
electrified  conductor,  as  shown 
in  section  in  Fig.  65,  the  pres- 
ence of  the  thin  piece  of  metal 
does  not  disturb  the  lines  of 
force  of  the  field,  except  that 
those  lines  which  formerly  ter- 
minated on  the  surface  under 
p  now  terminate  on  fi.  As  /> 
is  moved  ofT  from  the  surface 
along  the  normal  (or  perpen- 
dicular) all  parts  of  />  break 
contact  with  a  at  the  same 
instant  whilst  still  /  is  very 
close  to  A.  The  ends  of  the  lines,  therefore,  still  remain  on  J,  but  rs 
contact   is  now  broken   they    cannot   be  re-transferred   to  a  through  the 

dielectric.  As/ moves  further 
away  the  field  closes  in  behind 
/,  and  other  lines  take  the 
place  of  those  removed  by  p, 
which  is  now  charged  with  the 
amount  of  electrification  origi- 
nally residing  on  the  spot  which 
it  covered  whilst  in  contact 
with  A.  The  charge  so  re- 
moved  can  be  measured  by 
methods  to  be  presently  de- 
scribed. 

Electrification  by  Con- 
tact of  Conductors.— When 

an    uncharged  insulated   con- 
ductor is  brought  into  contact 
with  a  charged   conductor  it 
is  found  that  both  are  electri- 
fied, but  that  the  total  charge 
is  unchanged.     Further  consideration  of  Fig.  60  will  show  that  this  must  be 
so     As  the  cylinder  a  b  is  brought  nearer  and  nearer  to  K  more  and  more 
of' the  lines  from  the  latter  fall  on  the  a  end,  the  number  starting  from 
the   b    end   increasing  pari  passu.    The  lines  passing  from   k  to  a  gel 


Fig  45.— Theory  of  the  Proof  Plane. 
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•horter  and  shorter,  until  finally  they  become  concentrated  in  a  very 
short  gap,  and  a  moment  later  disappear  either  at  or  iK-ture  contact. 
But  the  number  of  lines  so  disappearing  is  exactly  equal  to  the  number 
t>t  new  lines  which  have  been  forming  at  the  *  end  ;  so  that  eventually, 
when  tlu  two  bodies  are  in  contact,  the  number  of  lines  einanatuig  from 
the  now  compound  conductor  is  exactly  equal  to  the  number  which 
originally  emanated  from  K  alone.  The  total  charge  is  tlierefore  un- 
changed, but  it  is  important  to  note  that  such  -baring  of  elccti  iticition 
by  contact  is  always  preceded   by  inductive  action. 

DiSChargfingr  a  Conductor. — If,  however,  the  conductor  a  h  be  con- 
nected to  earth  by  a  wire  c  (Fig.  6(1)  then  no  lines  can  be  tormed  at 
the  b  end,  for  the 
—  ends  of  the  lines 
ending  on  a  reach 
their  positicm  by 
sweeping  along  the 
wire  f.  One  of  '' 
lines  .V  is  show 
the  process  of  ^ 
transferred,  and  it 
evident  that  as  the 
line  contracts  the  — 
end  must  move  up 
on  to  the  cylinder 
until  the  repulsion 
uitiie  neighbouring 
line  V  stops  further 
motion.         Finally, 

when  a  b  gets  very  close  to  K  the  —  ends  of  the  ii.'hole  of  the  lines  of 
K  will  have  been  so  transferred  to  ,1  b,  and  when  these  lines  disappear, 
in  the  manner  just  described,  K  will  be  completely  discharged  and  all 
signs  of  electrification  will  disappear.  It  will  be  seen,  therefore,  that  the 
process  of  discharging  a  conductor  by  bringing  up  to  it  an  earth-connected 
conductor  is  always  preceded  by  inductive  action  on  the  latter. 

Electric   Current  on  Discharge.— The   sweeping  of  the  negative 

ends  of  the  lines  of  force  along  the  coimecting  wire  c  constitutes  what 
is  conventionallv  known  as  an  electric  current,  and  according  to  the  two- 
fluid  tlicor\-  negative  electricity  would  be  said  to  be  lowing  from  the  earth 
to  ab.  \\'liat  really  happens  is  that  the  strains  in  the  dielectric  thani,'e 
in  the  rianner  indicated  by  the  movements  of  the  lines  which  we  have 
describe  1.  It  has  been  agreed  that  the  current  .shall  be  referred  Xn  as 
flowing  .n  the  opposite  direction  t(j  that  described  above.  In  other 
words,  the  electric  current  indicated  by  n  motion  of  the  posnivi-:  ends 
of   the   lines    js   in    the   directi'^  •   of   the   motion,    whils'   that   indicated   by 


Fig.  66.  — Earthed  ('■inductor  iiin^cr  Tml.iction. 
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//„•  motion  of  ilu-  mx^itivc  tn.ls  of  the  //ms  ,s  <»  ///.'  ,/.nv/,o«  ,,/^^^sj/^ 
/„  //„■  .l,nrl,o>,  <■/  //,<•  «,..//.../.  Notiro  tluit  ^t  i>  tl..'  motion  ot  th.- 
auh  ot  thu  Inu-  whuli  in.luates  the  exi-tnu.-  ot  u  .-.invnt,  aii.l  that 
in  this  ca-f  tli<'  <  iirnnt  is  downwanls  throni,'h  f  (ffc  page  lij)- 

The  Electric  Spark.— When  in  the  ^ap  between  K  and  a  (F.Rs.  60 
and  60)  the  hnes  become  very  closely  packed  they  mdic.t.-  that  the 
electric  force  in  the  gap  is  very  great,  and  it  may  become  >-  great  that 
the  dielectric  can  no  longer  stand  the  strain,  but  breaks  down  under 
it  At  the  moment  when  this  takes  place  a  spark  will  be  observed  m 
the  gap.  and  a  slight  sotnul  mav  be  heard.  We  have  veritable  hghtnmg 
and  thunder  on  a  minute  scale.  The  dielectric,  it  .i  gas  hke  a.r 
immediately  mends  itself,  and  no  trace  is  left  of  the  breakdown,  but  if 
a  solid  dielectric  be  placed  in  the  gap.  as,  for  iu^tance,  a  sheet  of  dry 
paper,  evidence  of  the  rupture  is  lett  in  the  shape  ot  a  s.nall  hole  in 
the  paper.      This  hole  has  usually  a  burr  on  both  sides. 

Action  of  Points.— We  have  seen  that  the  density  of  electrification 
depends  un  the  curvature  of  the  surface,  and  is  always  greatest  where  the 
curvatur,.  is  greatest.  We  may  imagine  every  surtace  to  consist  ot  super- 
ficies, v.hich,  according  to  the  amount  of  curvature  they  have,  may  be 
parts  ot  Kirger  or  smaller  spheres.  A  level  plain  may  thus  be  ^aid 
to  be  pan  o(  an  enormou>lv  large  sphere,  a  point  part  ol  a  sphere  iPtinitely 
small.  The  level  earth,  in  comparison  with  all  other  movable  coiuluctors 
on  its  surface,  has  an  infinitely  small  curvature. 

When  a  conductor  terminates  in  a  point,  the  density  must  be  gre.itest 
at  that  point,  no  matter  how  small  or  how  large  is  the  charge  of  the 
body  itself,  for  the  lines  of  force  coming  from  the  region  of  space  in 
front  of  the  point  tend  to  crowd  on  to  'ts  small  surface  as  seen  in  Fig. 
56.     This  mav  lead  to  the  following  C(      eque.ices:— 

(i )  If  there  be  on  the  point  any  parts  of  the  material  ot  the  con- 
ductor which  are  not  verv  rigidly  attached  to  it,  these  parts  will 
be  torn  off  by  the  electric  forces,  and  the  lines  of  force  which 
terminated  on  them  will  be  earned  away  with  them  and  disappear 
from  the  field.  Thus  the  conductor  will  lose  some  of  its  charge. 
(ii  )  C'  .nducting  dust  particles  floating  in  the  air  will  be  attracted  to 
the  point  as  the  cylinder  a  b  (Fig.  66)  is  attracted  to  K,  only  being 
light  tliey  will  move  up  to  the  point  and  touch  it.  They  receive 
a  charge "e.xactly  in  the  same  way  as  the  proof-plane  in  Fig.  65,  but 
the  pull  of  the  lines  of  force  in  their  tendency  to  contract  is  sufficient 
to  drag  them  off,  and  so  they  are  removed  with  their  charges, 
(iii)  As  a  result  of  Coulomb's  law  of  force  (page  64)  it  can  be 
shown  that  the  electric  force  very  close  to  a  charged  surface  is  equal 
to  2  T  <T  where  a  is  the  demitv  of  the  surface  charge.  Now  on  a 
point  this  surface  density  is  great,  as  wc  have  seen  above,  and 
tnerefore  the  electric  force  is  great,  wlilch   may  lead  to  the  partial 
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rupture   ■'f   the   .iiclcctric,    tlial    is,  to    its  brtakiny  Jown   uiultr   the 

str.iiii  whi^i  on^litiUes  the  clictritica  state.     In  thi>  caM'  aN..  s.-me 

of    the    clcLlrili.,.ili.Mi    disappears.       The    density  ""   a  matliematical 

point   w.iul.l  he  in' iiite,    ami    il    we   couUl  place    -ii.h  a  point   ..n  a 

body  It  would  be  impossible  t()   charj;e  it. 

(iv.)  There    is  reason  to   believe   that   under   the    influence    ot    a    Rreat 

electric   force  the   particles  of  the    air   itselt    may    become  electrified 

and  act  as  carriers  like  the  ilust  particles  in  it. 

The    dissipation  ol    the   electric    charge,   due    to   one    or    more    of   the 

above  causes,  sets  up  a  current  of  air  called  an  electric  whirl  or  wind  ;  and 

when   the  .lectric  force   is  ^reat    this   current    becomes  str<  ng   enough    to 

blow    aside   a  candle   flame,  as  illustrated   in   Fig.  t.7-      If  a"   insulator  or 
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Fig.  67.     Electric  Wind  from  Charged  Point. 


Fig.  68.— Electric  Windmill. 


solid  dielcaric  be  held  in  front  of  :  e  point  from  which  the  wind  is 
j:  ocecdiiiK.  it  becomes  charged  with  e.eciricity  of  the  s.ime  si^n  as  that 
on   the  ])oint. 

The  flow  of  air  from  the  point  forward  causes  a  pressure  on  the  point 
backwards,  for  action  and  reaction  are  equal  and  contrary.  To  show  this 
experimentally,  the  apparatus  represented  in  Fig.  6S  may  be  used.  It  consists 
of  metal  bands  or  wires,  having  the  form  of  an  S,  pointed  towards  the 
ends  and  balanced  to  move  round  a  vertical  axis.  The  whole  apparatus 
is  placed  on  the  conductor  ot  an  electric  m.ichine,  as  shown  in  the  figure. 
As  soon  as  the  conductor  and  apparatus  (which,  of  course,  consists  of 
conducting  material)  have  acquired  a  certain  charge  the  points  act  in 
one  or  more  of  the  ways  described  above,  causing  a  motion  of  particles 
awav  from  the  points,  and  therefore  the  motion  of  the  wheel  in  the 
opposite  direction  as  indicated  by  the  arrows.  The  etliciency  of  an  ordinary 
point  to  eflFcci  discharge  depends  partly  on  its  position,  that  is,  on  the 
curvature  of  the  surface  on  which  it  is  placed. 
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A  point  in  a  conductor  under  induction  may  have  the  wme  effect 
as  conuct  with  the  .arlh.  Thm.  let  a»  before  .  *  (»"8./9)  be  >" 
insulated  conductor  under  the  influence  o  the  ^^^-^'^K^d  conductor 
K  but  let  a  pointed  wire  be  placed  in  the  cylinder  at  b  The  line,  ot 
force  (FiK  60)  at  b  will  tend  to  concentrate  on  the  point  and  will  disappear 
by  some  of  the  actions  described  above.  The  cylinder  a  b  will  therefore  b« 
charged  negatively,  as  can  be  proved  by  first  tak.ng  away  the  pointed 
wire  and  then  removinfi  >.  b  from  the  field  of  k.  which  retains  its  original 

''"'ifhowever.  the  pointed  wire  be  placed  at  a  facing   K   the  lines  at  that 
end    will    disappear    by  the   action  of  the  point.    The  result  w.U  be  that 
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Fig.  «9.— Effect  of  •  Point  on  a  Conductor  ond«r  Induction. 


„  6  will  be  \th  witl;  a  positive  charge,  whilst  K  will  have  lost  a  part  of 
its  positive  charge  equal  to  the  charge  on  a  b.  The  same  result  would  be 
obtained  if  the  point  were  placed  at  the  other  side  of  the  gap  on  k  so 
as  to  face  a  ;  again   the  lines  in  the  gap  would   disappear. 

This  tendencv  ot  points  to  produce  discharge  must  be  taken  into 
account   in   the   construction  of  apparatus.  at;d  sharp   edges,  prominences, 

etc.,  must  be  avoided. 

Glowing  or  Burning  Bodies.— Flames  on  conductors  produce  the 
same  phenomena  as  are  observed  to  result  from  placing  points  on 
conductors,  etc.  The  formation  of  points  in  burning  bodies  is  far  more 
perfect  than  the  artificial  formation  and  more  nearly  attains  to  the 
mathematical  conception;  as  a  result,  the  best  way  to  discharge 
the  electrification  of  non-conducting  bodies  is  to  draw  them  several  times 
through  a  gas  Uaiiie. 
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rV'. — Fl.bCTKIt    \I.    MAi  lllNhS. 

The  operation  of  rub'oi.ig  together  and  'hen  m 
bodies,  selected  from  suth  a  list  as  is  given  cr.  ugc 
can  be  accomplished  very 
'cadily  by  mechanical  means. 
We  have  already  referred  to 
some  of  these  in  the  histori- 
cal introduction  and  to  their 
gradual  improvement  in 
shape  from  globes  to  cylin- 
ders and  Jrom  cylinders  to 
plates.  We  have  also  men- 
tioned the  introduction  of 
the  prime  conductor  and  the 
invention  of  the  point  col- 
lector in    174b.     The  mode 

ot   action   of  the  latter  ha* 
now   been   explained.      We 

take  up  the  development  at 

this  stage. 

The    P/ate   Machine   in 

course    of    time    has    gone 

through    many    alterations  ; 

its  essential  parts,  however, 

remain  the  same.     Fig.    70 

represents     the     form     the 

Vienna   electrician,   Winter, 

gave  to   it.      The  principal 

parts  arc  the  glass  or  ebonite 

disc  s,  the  rubber  r,  the  two 

conductors   c,    r„    and    the 

glass  I   ds  G,  G,  Gj  G4  used  as 

supports.     On    g,  rests   one 

end  of  the  wooden   a.\le  ot 

the  glass  plate  ;  g,  supports 

the  (.ther  end  ;    G,  supports 

a  U-shaped   piece  of  wood, 

which    is   so  arranged   that 

between    each   limb   and    the   glass    plate   a    rubber    r    may    be    inserted. 

These  rubbers  consist  of  flat  pieces  of  wood  covered  first  with  some  woollen 

cloth  and  over  this  with  leather.      The  leather  has  a  coating  of  tin,  zinc, 

or  mercury  amalgam,  and   is  pressed  against  the  di>c  by  a  spring,  which 

lies  between  the   limb   ol    the   wooJcu    U-ii'-aped    frame   and   i'      rubber. 


Fig.  70.  -Winter'i  Electric  Machine. 
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Both  rubbers  are  connected  with  the  negative  conductor  C,.  The 
positive  or  prime  conductor,  a  hollow  brass  ball  c,.  rests  on  the  glass  rod 
G..  Wooden  rings  r  run  from  the  brass  ball  parallel  to  the  glass  plate 
on  each  side  of  it  ;  the  portion  of  the  ring  facing  the  glass  plate  is 
covered  with  tinfoil,  which  is  in  co:  nection  with  the  conductor  and 
carries  metal  points  so  arranged  as  to  stand  at  right  angles  to  the  plate 
and  as  near  to  it  as  possible  without  touching  it.  Wniter,  as  a  rule, 
further  adds  a  wooden  ring  w,  which  has  a  spiral  ot  metal  in  it. 
Experiment  showed  him  that  this  ring  increases  the  capacity*  of  the 
prime  conductor  and  acts  exactly  as  a  sphere  of  the  same  radius  would 
do.  It  is  a  kind  of  "  condenser,"*  and  on  adding  the  ring,  therefore,  the 
length  of  the  spark  obtained  from  the  machine  is  considerably  increased. 
On  the  side  of  the  conductor  c,  opposite  to  the  two  rings  is  a  small  brass 
ball,  where  the  density  is  always  greater  than  at  any  other  place  on  the 
conductor.  A  spark  will  pass  most  readily  from  this  little  ball  over  to  a 
discharger  e,  brought  near  the  conductor. 

By  means  of  the  handle  k  the  plate  is  turned  in  the  direction  of  the 
arrow     The  glass   plate    is    rubbed    against  the  amalgamated  rubber,  and 
becomes   positively   charged.    Glass  being  a    bad  conductor,  the  electricity 
does  not  spread  all  over  the  plate,  but  remains  wheie  it  is  produced,  as 
>hown  on  pages  78,   7Q.     K  "e  continue  to  turn  the  uKichine.  these  parts 
ot  the  plate  carrying  with  them  the  positive  electricity  will  come  under  the 
metal  points  of  the  wooden  rings  r.     The  action  which  now  takes  place  is 
exactly  that  described  on  page  84,  where  it  is  shown  that  the  ball  k  would  be 
discharged  by  a  point    being   directed  towards  it  from  the  conductor  a  6, 
and  that  on  the  insulated  conductor  «   b  would  be  lound   .hen  a   charge 
equal  to  that  lost  by  K.     In  the  language  of  the  fluid  theory,  the  positive 
electricity  on  the  surface   of  the  plate   induces  positive  electricity  at   the 
farthest    end    of    the    conductor     and    negative    electricity    at    the    near 
surfaces.     The    latter    will    now  cause   a  discharge  at  the  metal   points   of 
r  on  to  the  plate  s.     This  will  neutralise   the    positive   electricity  of  the 
glass  plate,  and  the  glass  plate  will    leave   the   metal    rings   unelectnfied. 
But    new  positive  electricity  can  now   be   produced   in    the  same  manner, 
and    the    process    repeated;    if    we   continue    to   rotate   the   plate    s,   the 
positive  electricity  in   the  conductor   c,   will   accumulate.     We  also  know 
that   we  produce    positive   and    negative   electricity    in   equal   quantities; 
what,   then,  has  become  of  the  latter?     Negative   electricity  is  produced 
on  the  rubbers,  which,  as  we  have  mentioned,  are  insulated  and  connected 
with   the  negative  conductor  c,.     Hence  the  negative  electricity  produced 
passes   directly   to   the   negative   conductor   c,  and  accumulates   there.     If 
now  we  continue  to  rotate  the  disc,  the  collected  negative  electricity  with 
its  associated   lines  of  force  will   soon  have  a   sufficient   density   to   break 
down    the   dielectric   and    to   discharge    to    eartn    or   even   to   the   prime 
•  The  exact  meaning  of  these  terms  will  lie  explained  later. 


HYDRO-ElF.CTRIC   AfACHIS'FS. 


87 


conductor.  In  the  latter  case  the  machine  would  be  discliarged.  To 
prevent  this,  the  negative  electricity  is  passed  to  the  earth  by  attaching 
a  chain  to  the  negative  conductor.  By  continued  rotation  the  charge 
of  the  positive  conductor  will  now  inc^ea^e. 

We  cannot,  however,  contuiue  this  process  indelinitely,  as  the  charge 
on  the  positive  conductor 
will  ultimately  become  so 
great  that  positive  electri- 
tication  will  appear  at  the 
tnetal  points  on  the  upper 
1  irt  of  the  rings  r  and  oppo- 
site the  diselectrified  glass 
plate  which  has  passed  the 
points  on  the  lower  part  of 
r.  The  result  will  be  that 
the  points,  acting  in  the 
usual  way,  will  discharge  the 
electrification  which  gathers 
on  them  towards  the  flat 
glass  plate,  which  will  thus 
become  re  electrified,  and  on 
balance  no  further  elc  tricity 
will  accumulate  on  c,.  W'lu  :i, 
however,  the  positive  elec- 
tricity is  also  conducted 
awav.  the  machine  will  be 
a  continuous  source  of  elec- 
tricity as  long  as  the  plate 
rotates.  If  only  sparks  are 
required,  the  chain  suspended 
from  the  negative  conductor 
is  brought  into  contact  with 
the  discharg.;r,  as  shown  in 
the  figure.  If  we  require  — 
instead  of  -f-  electricity,  the 

chain  is  rtino%ed  from  the  negative  conductor  and  placed  on  the  +  con- 
ductor. We  can  then  collect  the  negative  electricity  from  the  lower 
conductor  c. 

Hydro-Electric  Machine. — An  engine-driver  named  Seghill  ubsevved 
in  I H40  that  the  steam  escaping  from  a  safety-valve  may  become  electrified. 
Armstrong  and  Pattinson  insulated  the  boiler,  and  placed  metal  points 
opposite  the  escaping  steam.  The  metal  points  were  in  connection 
with  a  conductor.  These  experiments  showed  that  the  steam  became 
positively  electrified,  and  the  boiler  negatively. 


Fig.  71.— Slfnni 
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Armsirong  constructed  the  machine  represented  in  Fig.  1\.  The 
boiler  rests  on  four  strong  glass  pillars,  and  is  furnished  with  a  safety- 
valve,  a  manometer,  and  a  steam  dome,  from  which  the  steam  passes  to 
the  escape  pipes.  In  its  passage  the  steam  has  to  go  through  a  kind  o 
iron  bo.x,  in  which  it  is  partly  condensed,  because  it  is  of  importanr.-  that 
the  steam  should  carry  as  much  moisture  as  possible.  The  escape  pipes 
are  made  of  diflfercnt  forms  by  different  makers  ;  the  chief  object,  however, 
in  all,  whatever  their  shape,  is  to  increase  the  friction  of  the  water 
globules.  To  increase  friction,  Faraday  placed  a  cone  with  the  point 
against  the  issuing  steam.  Armstrong  placed  a  disc  m  front  ot  the 
steam,  and  the  issuing  steam  strikes  against  a  series  of  metal  points  m 
connection  with  the  conductor.  The  positive  electricity  then  collects  on 
the  conductor,  whilst  the  negative  electricity  is  distributed  over  the 
boiler. 

V. — INFLUENCE   MACHINES. 

Machines  in  which  surfaces  continuously  rubbed  together  are  employed 
to  produce  electrification  have  been  supplanted  in  more  receiit  times 
for  all  practical  purposes  by  machines  in  which  a  small  initial  charge 
acting  inductively  is  multiplied,  according  to  a  kind  of  compound  interest 
law    until  it  attains  proportions  far  exceeding  its  initial  value. 

Charirine  by  Induction.— How  this  may  be  done  may  be  understood 
in  a  general  way  by  referring  again  to  Fig.  66,  where  we  have  shown 
that  by  connecting  the  insulated  conductor  c,  b  to  the  earth  all  the  lines 
between  it  and  the  earth  will  be  removed,  and  only  the  lines  passing 
from  K  to  it  will  remain.  But  under  these  conditions  there  is  a  negative 
charge  on  a  b,  and  if  the  wire  c  be  removed  the  two  conductors  k  and 
a  b  are  much  in  the  same  relative  position  as  regards  electrification  as 
the  two  rubbed  and  separated  plates  in  Fig.  57  ;  the  chief  difference  is 
that  all  the  lines  from  K  do  not  end  on  a  b.  This  being  the  case  these 
two  bodies  may  now  be  treated  like  the  two  plates,  and  further  separated 
until  their  two  charges  cease  to  be  directly  connected  by  lines  ot  force, 
all  the  l.nes  from  K  now  passing  to  earth  and  the  lines  ending  on  a  b 
reaching  it  from  the  earth. 

\t  this  ■^tage  it  is  evident  that  a  h  can  be  used  to  charge  positively 
a  third  conductor  c  d  by  induction,  after  which  a  b  can  be  caused  to 
eive  up  its  negative  charge  to  a  fourth  conductor  L,  and  c  d  can  give 
up  its  positive  charge  to  K.  The  whole  cycle  of  operations  can  then 
be  gone  through  again  and  again.  At  the  end  of  each  cycle  the  charges 
of  K  and  I.  will  be  increased,  whilst  a  b  and  c  d  will  be  completely  dis- 
charged It  is  important,  therefore,  to  understand  the  conditions  under 
which  a  charged  body  may  be  made  to  give  up  its  charge  completely  to 
another  bodv  simUarly  charged.  Faraday  f^rst  showed  how  this  could 
be  done  in  iiis  celebrated  ice-pail  experiment. 


CHARa/SG   BV  lyDOCTlON. 


«^ 


Faraday's  Ice-pail  Experiment.— In  this  experiment  an  ice-pail  p 
(Fig.  7;),  connected  with  the  RoUl  leaves  of  an  electroscope  r,  !>  placed 
on  an  insulating  stand  s.  A  charged  conductor  K,  carried  by  a  s'.lk 
thread,  is  lowered  into  the  pail,  and  eventually  touches  it  at  the  bottom. 
Whilst  it  is  being  lowered  tiie  leaves  of  the  electroscope  diverge  farther 
and  fiirther,  until  K  is  well  within  the  pail,  after  which  they  diverge  no 
more,  even  when  K  touches  the  pail  or  is  afterwards  withdrawn  by 
the  insulating  thread.  After  withdrawal  k  is  found  to  be  .,////./- 7. /v 
disc/iarged. 


S^ 
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Fig.  7a. — FaraiLly's  Ice-pail  Experiment, 


These  results  are  easily  e.xplained  by  tracing  the  efTects  of  the  move- 
ments of  K  on  the  lines  of  force  in  the  dielectric.  Four  stages,  </,  ^,  c, 
and  d,  are  shown  diagrammaticallv  in  Figs.  73  to  76,  in  which  for  simplicity 
the  electroscope,  the  insulating  stand,  and  the  silk  suspending  thread 
have  been  omitted.  Only  the  three  principal  conductors  K,  P,  and  the 
earth  e  are  shown.  Previous  to  a  we  must  picture  k  with  its  twelve 
lines  of  force  at  such  a  distance  from  p  that  the  latter  is  unafTected 
and  no  lines  pass  from  it  to  h.  In  a  the  ball  K  has  approached  suffi- 
ciently close  to  P  to  act  inductively  iin  it  ;  six  lines  are  shown  as  falling 
on  I',  and  the  other  six  as  passing  10  h  by  different  paths.  Correspond- 
ing to  the  six  lines  falling  on  p  from  K.  six  others  pass  to  K  from  the 
■,uwer  surfaces.  In  b  where  K  is  just  entering  the  pail  two  lines  only 
pass  iroin  k  to   e  through   the  dielei  trie  ;   the  remaining   ten   fall    on   p, 
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and  ten  others  starting  from  the  distant  parts  of  p  pass  to  e.  In  c  it  is  so 
far  within  p  that  none  of  its  lines  can  reach  e  through  the  dielectric  ; 
they  all  fall  on  p  and  from  the  outside  of  p  an  equal  number  start  and 
pass  through  the  dielectric  to  E.  It  is  evident  that  in  this  position  K 
can  be  moved  about  within  p,  without  affecting  the  outside  distribution 
in  the  slightest,  and  that  even  when  k  touches  p  as  shown  in  <f,  and  when, 

therefore,  all  lines  be- 
tween them  disappear, 
the  lines  in  the  dielec- 
tric outside  remain  just 
as  they  are  in  c.  But 
K  is  now  completely 
discharged  since  lines 
no  longer  emanate  from 
it,  and  it  can,  there- 
fore, be  removed  by 
means  of  the  silk  cord 
without  disturbing  the 
electrification  of  p. 

If  the  electroscope 
were  connected  to  P 
it  would  take  a  definite 
proportion  of  the  lines 
passing  from  p  to  e, 
and  as  long  as  these 
were  increasing  the 
deflection  of  the  "eaves 
would  increase ;  as 
soon,  however,  as  k  is 
well  inside  p  and  no 
further  lines  can  be  in- 
duced outside,  the  de- 
flection of  the  leaves  will  become  stationary,  and  remain  so  even  when 
K  touches  P  and  is  then  removed. 

If  K  be  again  charged  and  introduced  into  p  it  will  be  again  dis- 
charged,  for  the  fact  that  p  is  already  charged  will  have  no  effect  on 
the  final  result,  provided  when  k  touches  p  it  is  well  tinder  cover.  This 
latter  is  the  essential  condition,  and  is  not  quite  fulfilled  by  the  ice-pail, 
which  is  too  open  at  the  top.  The  result  of  this  will  be  that  when  the 
ice-pail  becomes  highly  charged  some  of  the  lines  from  K,  even  when 
it  is  near  the  bottom,  may  find  their  way  out  through  the  wide  opening, 
and  -f  this  happens  K  will  not  be  completely  discharged.  It  is  easy, 
however,  to  arrange  apparatus  in  which  this  essential  condition  is  effect- 
ively  satisfied. 


Fig.  T^ 
Liaes  of  Force  in  Different 


Fi".  76. 
.iges  of  Ice-pail  Experiment 


The  Ei.ECTKOPHORUS. 


9» 


The  ElectrophorUS. — Tlie  tirsl  piece  of  apparatus  with  which  electri- 
fication by  induction  was  used  for  the  production  of  fairly  large  charges 
was  the  electrophorus,  devised  by  Volta  in  177;,  though  Wilke  had.  in 
1762,  described  an  arrangement  of  glass  plates  li  which  the  principle 
of  induction  was  employed  for  the  production  of  successive  charges. 

One  form  of  electrophorus  is  represented  in  P'ig.  77,  in  which  a  is  a 
cake  of  resin,  b  and  c  metal  .liscs  connected  by  means  of  siik  threads, 
«■  an  insulating  handle.  The  more  common  fo'm,  however,  which  is  shown 
in  Fig.  78,  dispenses  with  the  lower  disc  B  ;  here  K  is  a  metal  form  on 
which  the  cake  of  resin  11  rests,  n  a  metal  disc  which  is  sometimes  called 
the  carrier,  and  3  an  iii-ulaling  glass  handle. 

By  rubbing  the  cake  it  is  negatively  electrified   on  its  top  -uiI.kc.      li 
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Fij.  78.— Modem  Electioph.srui. 


now  the  disc  be  placed  upon  the  electrified  cake  and  touched  for  a  moment 
with  the  finger  and  then  lifted,  it  is  found  to  be  positively  electrified. 

This  result  will  be  easily  understood  by  applying  the  principles 
already  explained  to  the  four  distinct  stages  of  the  operation,  as  illustrated 
in  Figs.  79  to  82.  In  all  the  figures  the  metal  plate  K  is  assumed  to 
be  connected  to  the  earth.  In  Fig.  79  we  have  the  cake  of  resin  h 
with  its  upper  surface  electrified,  and  therefore  with  lines  of  force  pass- 
ing through  the  resin  (which  is  a  dielectric)  and  through  the  air  from 
E  to  this  upper  surface  ;  only  two  lines  at  each  end  are  shown  as  passing 
through  the  air,  for  the  field  in  the  air  will  be  much  feebler  than  the 
field  in  the  resin,  because  of  the  lunger  distances.  In  Fig.  80  the 
disc  D  is  supposed  to  be  resting  on  the  resin  h,  but  in  order  that 
the  lines  of  force  may  be  drawn  a  much  wider  gap  than  the  actual 
one  is  shown  in  the  diagram.  The  presence  of  the  insulated  conducting 
disc  on  the  side  farthest  from  the  earth  will  have  very  little  eflfect  on 
the  distribution  shown  in  Fig.  79  ;  it  will  only  affect  the  lines  passing 
through   the    air,   which    will    be    cut    in   two,  and   those   ending   on   the 
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disc  will  run  to  the  edge,  leaving  the  air  above  the  disc  without  any 
perceptible  field,  the  portions  starting  from  the  disc  retaining  their  original 
positions  in  the  gap. 

In  Fig.  8 1  the  disc  is  being  touched  with  the  finger,  and  therefore 
is  now  a  little  nearer  earth  than  the  plate  h.  Consequently  the  greater 
number  of  lines  will  now  be  in  the  very  thin  layer  of  air  between  d 
and  H,  and  only  a  few  will  remain  in  the  resin   passing   from   E  to   the 
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Lines  of  Force  in  DifTerent  Stages  of  Charging  Klectrophorus  Plate. 

upper   surface  of  H.     A  figure  intermediate  between  80  and  81  with   the 
finger  approaching  d  would  show  some  lines  starting  from  D  and  falling 
on    the   finger,   an    equal    number    of   lines    being    withdrawn    from    the 
'I'itance  of  the  resin  and  crossing  the  air  gap  from  d  to  H. 

Fig.  82  the  disc  D  is  shown  as  it  is  being  carried  away  from  h 
by  means  of  the  insulating  handle.  As  the  disc  is  tilted  the  lines  starting 
from  it  will  crowd  down  to  the  louver  corner  near  e,  and  will  success- 
ively break  into  two,  one  part  passing  'rom  d  to  e  direct  and  the  other 
from  E  through  the  resin  to  its  upper  surface.  The  ends  of  the  lines  on 
the  resin  must  be  regarded,  in  drawing  these  figures,  as  approximately 
fixed,  thus  accounting  for  the  peculiar  dragging  action  shown  in  tho 
last  figure. 
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As  the  disc  is  moved  farther  away  more  hues  pass  from  it  dirett  to 
the  earth,  until  finally  none  of  the  lines  starting  from  u  pass  through  the 
air  to  H.  The  disc  is  now  charged  and  independent  of  ii,  which  has 
returned  to  the  state  shown  in  Fig.  79.  If  the  charge  on  the  disc 
be  now  used  and  the  disc  brought  back  again  uncharged,  the  whole 
cycle  of  operations  can  be  gone  through  once  more. 

To  avoid  the  necessity  of  touching  with  the  fir.ger  each  time  the 
disc  D  is  placed  on  h,  a  thin  metal  wire  connected  to  H  may  be  passed 
up  through  a  hole  in  the  resi..,  the  top  end  of  the  wire  being  flush 
with  the  upper  surface  of  h.  When  n  is  placed  on  11  it  lithcr  touches 
this  wire  or  sparks  to  it,  and  the  wire  acts  the  part  of  the  finger  in 
connecting  the  metal  of  the  disc  D  to  k.  As  soon  as  the  disc  begins  to 
be  lifted  electrical  connection  with  the  wire  is  broken,  and  things 
proceed  generally  as  before,  the  result  a<  rcgirds  the  tiiial  charge  on 
n  being  practically  the  same.  It  will  be  a  useful  exercise  for  the  'eader 
to  draw  diagrams  for  the  different  stages,  especially  for  those  inter- 
mediate between  Figs.  79  and  %?,  when  the  wire  is  used  instead  of 
the  finger. 

Influence  Machines,  or  Continuous  Eiectropliori.— in  producing 

electricity  by  friction,  glass  rods,  etc.,  were  replaced  by  mac!iines  which 
would  perform  the  operation  more  continuoudy ;  and  in  a  similar 
manner  the  principle  of  the  electrophorus  ha?  been  extended  to  the 
construction  of  what  are  called  continuous  electrophori,  or  electrostatic 
influence  machines.  They  are  designed  to  carry  out  the  method 
sketched  roughly  on  page  91,  and  they  usually  employ  the  de\ice  of 
bringing  a  conductor,  which  has  been  charged  by  induction,  under  cover 
t.i  discharge  it  completely.  Instruments  applying  these  prii  -iples  have 
been  constructed  by  V'arley,  Thomson,  Carre,  Holtz,  V.us,  Witiisluir^t, 
anJ  others.  Carry's  machine  is  a  combination  ol  a  plate  machine  with 
rubbers,  etc.,  and  an  influence  machine.* 

The  form  shown  in  Fig.  83  was  devised  by  Holtz,  of  Berlin.  The 
wooden  frame  a  b  supports  the  well-varnished  glass  plate  e  k  by  grooved 
rods  d  d  d  supported  on  glass  pillars.  This  fixed  plate  k  f  has  three 
openings  ;  the  one  in  the  middle  allows  the  axis  of  the  rotating  second 
plate  c  o  to  pass,  the  second  opening  is  at  «,  and  the  third  at  «'.  These 
latter  form  sector-shaped  windows  in  the  plate.  Just  above  the  opening 
«  and  under  «'  are  glued  on  the  farther  side  of  the  plate  e  f  paper 
indu  ors  m  m,  from  the  edges  of  which  tongues  of  card  project  and 
pass  through  the  windows  tt  11',  so  as  to  touch  the  revolving  plate  c  i). 
The  plates,  inductors,  and  tongues  are  carefully  varnished  with  shellac 
varnish.  The  plate  c  D  can  be  rapidly  rotated  in  a  clockwise  direction 
as  seen  from  the  front.  Opposite  to  m  and  ;«'  two  series  of  fine  metal 
points  are  so  arranged  that  C  n  moves  between  them  and  the  fixed 
*  This  machine  is  fully  described  on  p.\i;i'  5J  of  the  18.^3  edition  o.  ,iiis  work. 
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plate  F  I-.  Tlu-  mLt:il  p(>iiil>  arc  held  hy  ^arclullv  iii-ul.ited  brass  bars 
/  .(,■■  0  and  q  -'  .'',  which  terminate  in  the  balls  o  and  o'  through  which 
metal  rods  run.  liavin«  the  in'^ulated  handles  h  h' .  and  the  small  spherical 
terminals  //',  termed  the  poles  ot  the  machine. 

To   Stan   the   action  ot   the  machine    the    Kills   /  /'  mu-i    be   brought 
int.)   conta.t,   and    one   of    the    paper   inductors   must    be   well    charged 
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Fig.  8j.— Holii  Machina. 

either  from  a  rubbed  glass  or  ebonite  rod  or  the  plate  of  an  electrophorus, 
or  from  a  Leyden  jar.  If  everything  is  in  good  order  brushes  will  soon 
appear  at  the  metal  points  as  the  rotation  proceeds,  and  if  the  balls  i  i' 
be  then  drawn  apart  a  torrent  of  vivid  sparks  will  pass  between  them. 

To  explain  this  action  we  must  refer  to  the  diagrammatic  Fig.  84, 
in  which  the  portion  x  on  the  right  represents  a  vertical  cross  section 
tiirough  the  window  «',  the  inductor  m\  the  descending  plate  c  D,  and 
the  fixed  plate  E  F,  all  on  the  right-hand  side  of  the  machine  in  Fig. 
83  ;  whilst  the  portion  y  on  the  left  represents  a  similar  section  through 
the  window    «,  the  inductor  iw,  the  ascending  plate   d  c,   and  the   faxed 
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plate  E  r.  alt  as  seen  from  the  Idt-liaiul  side  of  the  machine  in  Fi>».  H;. 
Tlie  paper  inductors  m  in  and  tiie  tmigucs  /  /'  p.is^inj;  through  the 
windows  n  n'  are  to  be  regarded  as  conductors  The  rods  i*  i"'  carrying 
the  metal  points  are  represented  as  joincil  bv  a  conductor.  The  diai;ram 
is  intended  to  show  the  condition  of  things  when  the  plate  has  tnude 
half  of  a  complete  turn  from  the  moment  that  m  received  a  strong 
^-  charge.  As  the  drawing  of  lines  of  force  would  confuse  the  tigure 
too  much,  we  shall  refer  only  to  the  charges  which  are  at  the  ends  ut 
those  lines. 

Tiie  first  action  of  the 
J^  charge  on  m'  is  to 
induce  a  —  charge  on  p' 
and  a  +  charge  on  p. 
These  charges  are  both 
discharged  by  the  points 
against  the  front  surface 
ot  the  revolving  plate. 
The  +  charge  at  Y  also 
induces  a  —  charge  in 
the  inductor  m,  and  a 
discharge  of -4-  electricity 
from  the  pointed  tongue 
/  against  the  back  of  the 
plate,  which,  being  car- 
ried forward  opposite  m, 
increases  the  inductive 
action  of  the  -^  charge 
on  the  front  of  the  plate, 
and  the  +  charge  on  the 
back  of  the  plate  is  there- 
by still  further  increased. 
The  plate,  therefore,  passes  forward  with  -^  charges  on  both  front  and  back, 
but  the  latter  charge  is  concentrated  fin  a  narrower  zone.  Let  us  follow 
these  charges  round  to  the  x  side.  The  +  charge  on  the  back  comes  first 
to  the  tongue  /',  and  is  transferred  to  the  inductor  m\  whose  charge  is 
thereby  increased.  The  front  +  charge  causes  /'  to  discharge  —  elec- 
tricity against  the  back  of  the  glass,  thereby  further  increasing  the  -|- 
charge  on  tn'.  This  —  electricity,  as  soon  as  it  passes  i>',  acts  inductively 
on  m\  still  further  increasing  the  —  flow  from  /'  and  the  +  charge  on 
m.  Thus,  soon  both  sides  of  the  glass  are  leaving  v'  with  —  charges. 
The  front  ^  charge  opposite  t  passes  on  to  the  points  i>',  whence  it 
passes  over  to  p,  additional  —  electricity  being  discharged  against  the 
front  side  by  the  increasing  inductive  action  of  tn. 

Going  back  now  to  the  —  charge  discharged  at  the  starting  of  the 
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action  against  the  front  ot  the  gla.s  at  i'',  tl..>  -  d.argc  passes  t.uml 
to  the  Y  side,  and  there,  before  coining  oppoMte  to  p,  causes  the 
touKue  /  to  discharge  +  electricity  against  the  back  of  the  plate,  thus 
still  further  increasing  the  -  charge  on  «,  and  the  +  charge  being 
carried  over  the  top  by  the  back  to  the  x  side.  The  actions  described 
as  proceeding  at  the  x  side  due  to  the  arriving  +  charges  on  the  glass 
are  repeated  at  the  V  side  with  the  -  charges,  the  signs  being  reversed. 

The  action  is  therefore  continuous,  for  the  charges  on  m  and  m  are 
continually  increased.  The  continuous  inductions  taking  place  at  p'  and 
P  al-,0  necessitate  a  continuous  passage  of  +  electricity  from  P  to  P  and 
of  —  from  1'  to  p'.  These  both  constitute  what  is  known  as  an  tU\(nc 
ciirnnl  from  p'  to  P,  and  if  the  balls  in  the  centre  are  n..w  separated 
brilliuit  sparks  will  pass  between  them,  for  the  strains  in  the  gap  will 
be  very  great  and  will  be  continuously  renewed  as  the  dielectric  gives  way. 

The  action-  taking  place  in  the  medium  during  the  above  changes 
are  very  complicated,  and  i'  would  be  impossible  to  represent  them 
clearly  by  lines  of  force  without  multiplying  the  figures  an  unmanage- 
able extent  The  fact  is  that,  although  such  machines  are  usually 
described  under  the  section  of  the  subject  dealing  with  electrostatics  (or 
electricity  at  rest),  chiefly  becau-e  they  were  used  at  first  to  communicate 
static  charges  to  insulated  conductors,  yet  w^-.ilst  the  machine  is  work- 
inu  the  phenomena  are  not  static  but  kinematic,  and  actual  currents  of 
electricity  of  high  voltage  but  of  small  quantity  may  be  steadily  main- 
tained  for  an  indefinite  period.  With  regard  to  the  +  charges  being 
carried  over  on  both  sides  of  the  rotating  glass  at  the  top,  and  the  — 
chirces  passing  over  at  the  bottom,  many  of  the  lines  of  force,  ol  which 
these  form  the  ends,  will  have  their  other  ends  moving  on  the 
conductors    between    P'   and    P,    and    constituting    the   current    on    these 

conductors.  .-     ,  .  ,       •,,  .  »i  . 

Small  Levden  jars  or  condensers,  the  action  of  which  will  be  presently 
explained,  are  usually  employed  in  connection  with  these  machines  to 
strengthen  the  spark,  and  arc  often  mounted  permanently  as  part  of 
the  apparatus,  large  tubes  fitted  up  as  jars  taking  the  place  of  the  glass 
pillars  employed  for  insulation. 

The  Hokz  machine,  as  above  described,  was  somewhat  difficult  to 
start  working,  especially  in  damp  weather.  It  was  improved  by  Holtz 
himself  and  also  by  Toepler  and  Voss.  In  these  later  machines  the 
principles  referred  to  in  our  descriptions  of  the  electrophorus  and 
Faraday's  ice-pail  experiment  are  used  more  effectively  than  in  the 
early  Iloltz  machines. 

the  Voss  Influence  Maehine.-In  this  machine  there  is  a  fixed 
plate  of  thin  glass  H  (Fig.  85).  say  12^  inches  in  diameter,  with  a  central 
openin.^  This  plate  has  fixed  upon  its  further  side  two  pairs  ot  tinfoil  discs, 
each  pa7r  being  connected  by  a  snip  of  loii.     Tlu-r^-  di>ci  F  f  are  covered  hy 
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paper  shields  O  O,  uliicli  are  sliglitly  conductive.  The  moving  plate  n 
IS  of  loi  inches  diameter,  and  at  six  equidistant  points  ot  a  circle  ol  7I 
iiK-lies  in  diameter  are  fixed  inch  discs  ol  tintoil,  upon  the  middle  of  each 
ol  which  there  is  cemented  a  metal  button,  rising  \  inch  from  the  surlace. 
These  discs  /  1  correspond  in  iize  with  those  of  the  fixed  plate  ;  thev  are 
tlie  same  distance  apart  and  placed  so  a»  to  come  successively  opposite 
the  fixed  discs  as  the  plate  11  revolves.  The  collecting  svstem  consists 
ot  a  tixed  fiori^ciital  ebonite  rod  i,.  at  each  end  of  wli.vh  is  a  brass 
T-piece,   carrying  a  collecting  comb   oil  one  arm  and  on  the  other  arm  a 
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ball  which  carries  the  discharging  rod  m  and  is  supported  by  the  insulated 
conductor  of  a  small  Lc\  den  jar  n. 

A  second  pair  of  combs  is  attached  to  a  brass  frame  p,  also  placed  on 
the  axis,  and  secured  there  by  a  knob  of  ebonite  screwed  upon  the 
end.  These  combs  are  shown  vertical,  but  for  most  eflTeclive  aciion 
should  be  sloped  backwards  30"  in  a  counter-clockwise  direction.  They 
have  fine  wire  brushes  in  their  middles,  which  tou-;!!  the  buttons  and 
short  circuit  a  pair  of  discs  just  betore  they  leave  the  cover  of  the  paper 
shields.  K  K  are  bent  arms  of  m.tal,  attached  by  clamps  to  the  lixed 
plate,  and  connected  by  strips  of  foil  to  the  nearest  foil  disc.  These 
arms  carry  line  metal  brushes,  which  are  adjusted  to  touch  the  buttons 
on  the  moving  plate  when  they  face  the  foils  on  the  fixed  plate. 

The  action  of  the  machine  is  usually  started  by  bringing  the  two 
discharging  knobs  into  coiiiud  and  charging  one  of  the  fixed  conductors 
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,    .      On    rotatu,,.    the    plate    h    charges    ra,.imy    accumulate,  and    on 

carri"  wll  beco.nc  ncRafvclv  ch  .rKcl  and  a  certa.n  amount  of  + 
e?l  tkat,..n  will  be  '.llected  hy  the  co.ub.  The  earner  pa.se.  on 
!n.       euect>.,«    lur   a   .uomc.U   the  action   of   the  d.aRonal   con.luc  or   P 

fhee.  re  rec  i  c'^  a  -  charge,  and  the  carrier  passes  on  uncharged  o 
he  b  "ho  tie  combs  connected  to  the  right-hand  d.schargmg  ba  L 
Whil  touching  this  brush  the  -  charge  of  the  -d.cator  ac  s  n^ucU  c ly 
on  the. Metallic  svsten.  of  which  the  disc  now  forms  one  end  and  in  .on- 
^une  tie  disc  beconies  posit.vely  charged  whilst -electr.c.ty  appears 
on  bal       The  charged  disc  the.,  passes  on  insulated  to  the  r:gh  -hand 

con  b  ot    '   and  the  acttns  just  described  are  repeated  n,  the  lower  hal    o 

observed  that  it  simultaneously  touches  two  carriers  wh.ch  '^re  under 
fpp^^^  e  UKluctive  action.  The  result  is  that  .or  a  moment  the  wo 
rnrriers  and  P  form  a  single  insulated  conductor  with  t«o  oppositely 
ch  rud  inducing  -nductofs  opposite  its  ends.  The  inductive  action 
[s  therefore  concentrated  ..n  the  earners,  which  pa^s  on  bearing  charges 
™,  .-h  trrpatpr  th"n  if  P  were  absent. 

Thfs  machine   is  e.xceedingly   powerful   in  favourable  w.ather,  but  has 

de'iredb  holding  a  metal  point  to  the  ^  brush  k.  fhe  two  derived 
hitive'circuitsin  this  machine  are  beautifully  --"f"'^'^;^'^- ,'\  'f 
x^rked  in  the  dark.  A  luminmis  stream  is  seen  pounng  towards  he 
L'tit  collecting  comb  on  whichever  side  of  the  machine  it  is  pla  e.l. 

'    Wimshurst's'  Influence  Machine.-This  machine    J'^-tJ^  \^^J  • 

James  Wimshurst,  one  of  the  consulting  engineers  ot  the  Board  ot  irade. 
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is  one  of  the  hot  iiuluction  m.ichiivf^  yet  coiiMruttcil.  In  its  simplest 
form  it  r.insists  of  two  circular  di-cs  (Fi^.  S6(  of  thin  gla-s,  whiclj  are 
attached  to  l"Osi;  bosses  revolving  on  i  fixed  horizontal  spindle,  so  as 
to   be  rotated  in  opposite  directions  at  a  distance  apart  of  not  more  than 


Fis.  86.— WimshurM's  Mii.:hin«. 

about  one-eighth  of  an  inch.  K.ich  di<c  !■=  driven  by  a  cord  or  belt  from 
a  large  pulley— of  which  there  are  two  attaJud  to" a  spindle  below  the 
machme  — which  is  rotated  by  a  winch  h.,niile,  the  difference  in  the 
direction  of  rotation  of  the  discs  being  obtained  hv  the  crossing  of  one  of  the 
belts.  Both  discs  are  well  varnished,  and  attaJied  bv  cement  to  the  outer 
suriace  ot  each  are  twelve  or  more  radial  sector-^iiaped  plates  of  thin  brass 
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or  tinf.al.  disposed  arou„d  the  d>,c,  at  equal  angular  distances  apart.     These 
sectors   take 'the   place  of   the  "inductors"  ot    Holtz's  ">-'-•  -^  ^- 
act    as   carriers,    those   acfng    tor   the    time   as   carriers   .m>    the    one    d  sc 
actinfi  at  the  ,ame  tune  as  inductors  with  respect  to  the  othe  .      I  he  two 
sectors  situated  on  the  same  dian,eter  of  each  disc  are  tw.ce  n,  each  revolu  .o 
momentarily  placed  in  metallic   connection    w.th    one   another    by     "lea-rs 
of  a    pair   of   fine   wire    brushes   attached   to   the   ends   ol   a   curved    rod 
supported    at    the    middle  of  its   length  by  ot,e  of  the  projectmg   ends   of 
he' fixed   spindle   upon  which  the  d.scs  rotate  ;    the  metal  secto-shaped 
plates    iu.t    graze    the    tips    of    the    brushes    as    they   pass    them.      Ih. 
E  ;;en      whtn    the   carriers   touched   are    under   the    n.duct.ve   action    o 
the  char.red  carriers  on  the  other  disc,  with  the  results  referred  to  m  the 
crip   ot   of  the  action  of  the  Voss  machine.     The  position  of  the  two 
pairs   of  bru.hes  with  respect  to  the  fixed   collecting  combs,   and   to  one 
SnoU.er,  .s  variable,  and  there  is,  as  in  the  case  of  the  collectmg  — utato  - 
brushes'of  avnamo-electric  machines,  a  position  of  "-'"-^f  ^    "/^.^J'^'^^ 
position   apncars   to   be   generally   when    the   brushes   touch    the    disc   on 
Zeters 'situated  about    45°    f-n.    the   collecting  combs  and   the   cur     d 
rods  on  the  two  sule>  are  at  right  angles  to  one  another,  as  shown  m  the 

'"'■^iTied  conductors  consist  of  two  forks  furnished  with  collecting 
points  directed  towards  one  another  and  towards  the  two  discs,  which 
?o  te  between  them  ;  the  two  forks  are  supported  on  .nsulatmg  suppor 
r some  kind,  which  often  (for  .easons  already  indicated)  cons,  ot^mal 
1  eyden  jars  or  condensers  ;  the  forks  are  on  the  horizontal  d.amete  s  of  the 
d2s  To  these  collecting  forks  and  combs  are  attached  termmal  knobs 
^a'oe  distance  apart  can  be  varied  by  projectmg  ebonite  handles,  or 
:;::nvisr  The  presence  of  these  collecting  combs  appea..  to  ,  ay 
no   part   in    the   action    of  the    apparatus,   except   to   convey    the   electric 

barges  to  what  mav  be  termed  the  external  circuit  :  for  the  inductive 
actio^  ot  the  mach".ne  is  quite  as  rapid  and  as  powerful  when  both 
S  e  ors  are  removed  and  nothing  is  left  but  the  two  rotating  discs 
and  their  respective  contact  or  neutralising  brushes.  he  whole  apparatu 
then  bristles  with  electricity,  and  if  viewed  m  the  dark  presens  a  most 
beautiful  appearance,  being  literally  bathed  with  luminous  brush  discharges^ 
With  a  machine  composed  of  two  glass  plates,  only  .4i  .nches  in 
diameter    there   is    produced,    under    ordinary    atmospheric    condition^,    a 

r  sparK    discharge    between    the    knobs    when    thev    are    separated 

r\  distance  .^  4i  'nche  pint-si^e  Leyden  jar  being  m  connection  w.th 
each  knob  ;  and  the^-  .  nch  discharges  take  place  m  regular  succession 
a  everv  tvlo  and  a  half  turns  of  the  handle.  It  .s  usual  to  construct 
Jhe  machine  as  'shown  in  the  illustration,  with  small  I  eyden  jars  or 
^^d         r>   attached   to   the   cnduCor.    bv  which  the  spark   ,s    maten^b^ 

n  reased      A    nuuhine    ha.    oeen    constructed    for   the   bcience    and    Art 
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Department,  South  Kensington,  witli  plates  7  feet  in  dianifter,  which 
it  is  believed  would  give  sparks  30  inches  long  ;  hut  no  I.eyden  jars 
have  been  found  to  stand  its  charge,  all  being  pierced  by  the  enormous 
electric  strains. 

Mr.  Winishurst  has  also  constructed  machines  with  many  pairs  of 
plates.  One  of  these,  liaving  si.x  pairs,  or  twelve  pl.ites  in  all,  is  shown 
in  Fig.  87.  By  a  series  of  bands  alternately  straight  and  crossed  the 
opposing  plates  of  each  p.iir  are   driven  in   opposite  directions,  but  the  back 


Fij.  87.— Twel»fpl.ite  W!m»hnr«  Machine. 


plate  of  the  front  pair  and  the  front  pl.ite  of  the  second  pair  are  on  the 
same  hub,  and  revolve  together,  and  so  on  throughout  ;  tlnis  seven  bands 
drive  the  twelve  plates.  The  diagonal  ci  inductors  of  the  smaller  machines 
are  replaced  by  seven  pairs  of  conductors  fi.xcd  to  the  frame,  and  making 
contact  at  the  proper  angular  positions.  Electricallv  they  act  as  seven 
diagonal  conductors  alternately  sloping  in  opposite  directions,  and  the  ones 
between  the  plates  act  for  the  plates  on  both  sides  of  tluin.  The  collecting 
combs  are  placed  as  previously  described,  and  are  connected  to  the  two 
discharging  terminals  on  the  top  of  the  glass  case  in  which  the  plates 
arc  enclosed.     If  I.eyden  jars  are  used  tliev  are  attached  to  these  terminals. 

With   this   machine    splendid  discharge-    are    obtained.       The    potential 
difference  reached    is    not  greater    than  that    of  a  two-plate  machine  with 
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plates  of  the  same  diameter  and  pattern,  but  the  quant.t.-  of  electricity 
discharged  in  each  spark  is  probably  proportional  to  the  number  of  plates. 
Thus  the  brilliancy  of  the  discharge  is  increased.  Later  on  we  give  a 
pliotograph  of  its  sparks. 

Lord   Biythswood    had    a    large    eighlv-ptate    mac;une    built    on    the 


Fig.  38.  — PlJgsun's  Influence  Machine  (front). 


same   plan,   and    driven    by   mechanical   power.      When   at   work   it  is   a 
veritable  miniature  thuiKler  facttjry. 

It  is  interesting  to  note  that  a  \Vim^hurst  machine  can  be  run  as  a 
woA-/-.  Let  the  two  revolving  discs  be  mounted  with  their  diagonal 
brushes  so  as  to  be  free  to  run  independently.  If  the  diagonal  conduc- 
tors  be  now  connected  to  the  terminals  of  another  machine  which  is 
working  fully  excited,  the  two  discs  will  revolve  under  the  influence  ot 
the  electrostatic  torces. 

Pidgeon's  Influence  Machlne.-In   i3'iS  Mr.  W.  K.  Pidgeon,  who 

had  worked  for  some  years  at  the  subject,  constructed  an  influence  machiue, 
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which  he  has  since  still  further  improved.  The  principal  parts  of  1,  ^  most 
recent  machine  are  shown  diagrainmatically  in  Figs.  SS  and  89.  As  will 
be  seen  from  the  side  view  (Fig.  80),  there  are  nine  revolving  plates  con- 
sisting of  three  groups  of  liiree  pLite^  e.ich.  Tiie  central  plates  j,  ;,  and  8 
art  driven  by  the  centra'  a.xle  in  one  direction,  whilst  the  outer  plates 
I,  _s,  .:.  6,  7,  9  are  carried  on  suitable  sleeves  and  driven  by  b.inds  in  the 
oppi'>ite  direction.  Tiie  chief  point 
of  interest  is  that  the  conducting 
sectors  s  s  S  (.Fig.  HSj  are  very  close 
together,  and  are  completely  buried 
in  the  insulating  material  of  the 
plate,  which  is  formed  of  three  sheets 
of"  volenite,"  a  substance  resembling, 
but,  for  this  purpose,  said  to  be  supe- 
rior to  ebonite.  The  metallic  sectors 
s  are  placed  be.veen  the  layers  of 
volenite,  and  on  the  outer  plates  carry 
metallic  knobs  K  K,  which  project 
through  the  outer  layer  of  the  di- 
electric. On  the  central  plates  2,  5, 
and  S  the  necessary  metallic  projec- 
tions appear  on  the  outer  rims  in- 
stead of  the  faces  of  the  plates. 
There  are  also  four  pairs  of  fi.\ed 
inductors  A.  Each  pair  is  mounted 
on  a  sheet  of  volenite  having  four 
radial  arms,  as  shown  in  Fig.  fi8, 
where  the  shape  of  the  metal  inductors 
is  indicated  by  dotted  lines.  These 
inductors  collect  at  b  small  charges 
from  the  revolving  sectors  before 
the  latter  reach  the  col- 
lectors c.  The  central 
plates  as  seen   m   P'ig.  88  — 

revolve       in       a       counter-  fig    Sg.-Pidgeon's  Influencf   M.ichiiit  (Me). 

clockwise,  and   the  outer 

ones  in  a  clockwise  direction  ;  c,  C,  are  the  collectors  for  the  central  ami  c,  c, 
the  collectors  for  the  outer  plates,  whilst  k,  k,  and  i,  k,  are  the  ropcaivc 
earthing  brushes  for  these  plates.  Each  sector  is  earthed  when  it  is  in  the 
position  for  maximum  induction.  For  the  central  plates  tliis  i>  when  it  is 
between  two  similarly  charged  sectors  on  the  outer  plates,  whil.-^t  for  the  outer 
plates  it  is  when  it  is  between  a  fixed  inductor  and  a  sector  of  the  central 
plate  both  charged  similarly.  The  air  gaps  are  small,  and  an  appreciable 
part  of  the  induction  is  through   solid  dielectric  of  high  specific  inductive 
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cap.citv  {scr  p.v'c  1 1;  ).     The  .iction  is  therefore  rapid  and  vigorous,  and  the 
outinitnbtnii.ea  i>  about   tour  time,  as    threat  as  a  niachuie    ol    the    same 

dimension^  ot  the  oUler   form.  ,  ■    ■    ,    .■       a 

The  Wiin-hur-t  and  I'iduenn  iiiadiines  are  sclt-rxciUui:.  and  it  is  behcved 
that  the  initial  action  rnav  he  due  to  Irietion  m  the  layer  of  air  contained  be- 
tween the  plates.  It  is  po«-.ble,  however,  that  under  certain  condition,  leebe 
rtMdual  charj.e>,  Minicient  to  -tart  the  action,  may  persist  tor  a  considerable 
time      The    maJiine-.    when  nropeily  constructed,  are  nearly  independent 


r 


Fig.  5o.-\Vimslmrst  M..J.in<:  .uh  Ii-xeJ  Inductors. 

of  atmospheric  conditi..ns,  and  not  liable  to  reverse  polarity,  as  are 
the  Voss  machines.  Tiiese  advantages,  added  to  the  extreme  simplicity 
of  construction,  have  rapidly  given  them  the  preference  to.  all  purposes 
where  statical  electricity  of  high  volt.age  is  required.  I  he  property  of 
self-exci>  Uion  is  f..und'to  depend  somewhat  on  the  number  ot  sectors. 
With  a  high  number  the  machine  excites  itself  very  freely,  but  the  sparks 
are  more  leehle  ;  with  fewer  >ectors  it  is  less  easy  to  excite,  but  the  sparks 
are  much  more  powerful  when  obtained.  ,,,■,.• 

In  manv  of  the  machines  described  glass  is  used  as  the  solid  dielectric 
of  the  working  part  of  the  machine.  It  has,  however,  the  disadvantage 
of  fra^ilitv.  and  cannot  be  driven  at  a  high  angular  velocity,  especially 
with  large  plates.     Thi=  limits  the  output,  which  tor  a  given  machine  may 
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be  taken  as  sensiblv  ])roportionnl  to  ilie  aiiijul.ir  vclocitv.  TIum.-  and 
other  consideratiiiiis  have  led  Mr.  Pid>;ci>n  .uul  othir  (.im-triKtors  to 
discard  gla-s  in  favour  ot  ebonite  or  oilier  in,it<rial,  wiiiJi  i.ni  be  >atelv 
driven  at  double  the  velocity.  A  imHlihcition  adopted  in  manv  ebonite 
machines  is  the  -uppre^sidu  ot  the  metallic  sector^  and  the  n-e  instead 
ot  several  pairs  ot  metallic  wire  brushes  on  the  dias^oual  conductor^. 
Machiii  so  con--tnicted  have  the  disadvaiitaj,'e  ot  not  bcint;  Mll-excitin>;  ; 
but,  on  !iie  other  hand,  the  polarity  ot  the  electrodes  when  excited  is 
(|uite  Under  control,  and  the  excitation  is  easily  obtained  by  touching  the 
movinij  ebonite  for  a  few  moments  with  the  fingers.  As  we  shall  see 
later,  this  control  of  polarity  is  important  in  some  applications — as,  tor 
example,  in  radiography. 

In  the  combined  friction  and  iiidueiice  machine,  constructed  hv  C.irre,* 
the  influence  ji.irt  ot   the  machine 
wa-  an  el)onite  disc,  which  rol.itcd 
•  ppi'^itclv  with  one  ot  gl.i>>. 

A  lorm  ot  \\  lm»hur^t  machine, 
wliich  has  been  developcti  verv 
much  on  the  Continent,  replaces 
the  oppositely  revolving  gl,i>s 
pLite-  bv  two  op|)iisitely  revolving 
i.mcentric  ebonite  c\linders.  In 
:i  machine  shown  at  the  I'aris 
Exhibition  of  i>)CO  the  ebonite 
cylinders  were  50  cms.  iiigh, 
and  till.'  outer  one  ;o  cm^.  in 
diametir.       Tile     elect  ricd      cou- 

necliou^  were  the  same  .i>  in  the  plate  m.ichini.-,  Inil  no  -ectoi>  were  used 
•  Ml  the  moving  cylinders.  It  wa^  cl.iimed  th.it  the  output  ot  the  machine 
\\.is  consiilerablv  increa>ed  b\-  the  great  surfice  ot  the  active  jiarts.  The 
gear  for  driving  the  cylinders  was  cont.iined  in  a  central  column.  An 
electrically  heated  coil  wa>  supplied  to  dry  the  ebc.iile  in  damp  we.ithcr 
Later  Wimshurst  Machines. — During  the  l.ist  few  years  Mr.  Wims- 
hurst  has  modified  the  influence  machine  already  described  by  using 
plates    revolving    in    one     '  -n   only,    the    ini'uctors   hcivrr   fixed   and 

supjilied    with    propei    neut  and   collectin."   bruslies.      One  form    of 

this    modified    Wimshurst  ne    is    shown  Fig.  90.      The    fixed 

inductor  plates  a  of  varnished  glass  ire  fitted  in  the  corners  of  the 
wooden  frame  F  f  ;  two  pl.lte^  ,11  c  fixed  on  one  side  of  the  frame  at 
opposite  corners,  and  the  other  two  on  the  other  side  at  the  remaining 
corners.  Between  the>e  re\ol\es  a  varnished  glass  plate  of  the  usual 
kind,  but  either  with  or  without  sectors.  In  the  mailune  illustrated  the 
revol'.ing  disc  is  40  cms.  in  diameter,  and  the  wooden  Irame  50  cms. 
*  Fully  described  on  (uyu  59  ul  the  i».jj  t'duion  ol  liiii  wcrk. 
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square.      The    fixed     plates    carry    tinloil    inductors,    as    shown,    and    to 
these  arc  lixcd  the  wooden  discs  b.  carrying   light   brass  rods  ending   in 


Fig.  93.— Large  \Vimsliur«  Machine  with  Fixed  Inductors. 

fine  Wire  brushes   which    lightly   touch   the  sector.   <4    the   revolving   dhc 
at  the  moment  tl>at  these  secto,^  arc  under  the  -..nucnce  .f  the  inductor. 
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on  the  otlier  side.  Wliuii  the  iiiai.liinc  is  woiixcJ  tlic  pciti.titi,il  ditlciciKo 
of  tlic  imluctors  rapidly  iiicrca-cs,  and  sparks  alurn.iui\-  in  oppoMU- 
directions  can  t'c  drawn  iri»in  proper  dischari^iiii;  ri>ds.  TIk-  compkie 
machine,  as  made  by  Messrs.  (jritlin  an<l  Son,  i-  siiown  in  f'"ij,.    .i. 

In  >lill  more  recent  machiiie>  llie  fixed  |)Iates  are  extended  ^•■  that 
each  cover>  about  three-eighth-  ol  the  active  part  ot  tlie  revolving;  di-^., 
in-te.id  of  a  i|uarter  as  in  Fi:;.  'iZ.  In  a  machine  exhihitid  at  the  I'lu-uai 
Society  in  1^1;,  (dhistraled  in  Fi;;.  Qi,  reproduced  Iroin  hiii^'iurnnn:)  tiuic 
were  two  re\cilvins  iH^cs,  each  41  inches  in  liiameter  and  J  inch  apait. 
■|'he  inihictor?  were  sheets  cjf  paper  attaclied  to  the  fixed  fjlass  plates  and 
eacli  provided  with  two  inetalhc  contacts.  Tlie  leading  cont.ict  i.  (I'lK-  '-> 
w.is  coimected  to  tile  brush  touching  the  revolvin>T  di-c  and  to  one  ot  the 
outer  terminals,  whilst  the  trailing  contact  T  ci)uld  be  cro>.--connected  t"  the 
other  inductor  or  not  as  desired.  When  so  connected  a  ste.idy  current 
tiows  through  the  connecting  wire  when  the  machine  is  worked.  It  di>- 
loiinecteil  alternate  discharg.-s  are  given,  as  is  also  the  case  with  the 
machine  shown  in  Fig.  01. 

In  i'i02  Lord  niyili-^wood  presented  to  the  Glasgow  Roy.d  Intirm.iry 
a  large  fortv-plate  Wimsliurst  machine  o*^  the  ordinary  double  revolving 
type,  but  embodying  all  the  improvements  developed  during  many  years 
ol  experience  with  these  machines.  Considerations  t)t  space  do  not 
allow  of  a  full  description,  for  whi'.h  readers  sufficiently  inteie-led 
are  referred  to  the  Elcctridil  Review.*  Brietiy,  it  may  be  said  that 
the  jilates  are  3  feet  in  diameter,  atid  that  the  driving  sli.itt  i>  7  teet 
long.  Tested  on  a  verv  damp  day,  the  m.ichine  gave  a  ton  cut  ot 
sparks  from  12  to  15  inches  in  length.  The  machine  was  tonnetted 
to  a  condenser  of  approximately  015  microfarad  t  capacity,  with  a 
discharging  spark  gap  0.75  cms.  long,  and  it  was  found  that  the  sp.irk 
passed  once  in  every  six  seconds.  The  si/e  of  the  balls  used  tor 
the  spark  gap  was  not  given,  but  the  spark  length  corresimiuls  to  a 
pressure  of  about  20,000  to  22,000  volts.  Taking  the  lower  tigure,  the 
experiment  >hows  that  the  current  Irom  the  macb.ine  ua>  .ip])roxiin,itely 
o-   millianipere. 

Another  direction  in  wlii>.h  it  has  been  sought  to  incnase  the 
voltage  of  induction  machines  is  bv  working  them  in  an  .itmo-phere 
in  which  the  air  has  been  compresseil.  It  is  a  well-kn<iwii  tact,  as 
will  be  shown  more  in  detail  later  (see  Chapter  XV^l.),  that  on  reilucing 
the  air  pressure  the  spark  length  tor  a  given  voltage  is  inceased. 
Similarly,  bv  increasing  the  air  pressure  the  spark  length  i-  diminished 
or,   putting    it    otherwise,   the    volt.ige    rei(uired    to    produce    a    sp.irk   of 

*  Wuctucd  h'tiiiu,  Vul.  51,  pa^e  23J,  ijih  .Vuijii-it,  1902. 
f  The  units  relered  to  will  be  explamed  later. 
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Riven    len,;th    i^    itn  uasi^d,      I'ndor    increased 
teudtmy  to  l)ni-li  disrharges  is  diminished. 

In  if)(Ki  Mr.  1'.  Tudsbury  arrli<^d  the-c  priiui|il.;>  to  the  iinproveineiit 
,,|  the  inniirnrc  machine  ^-pceianv  with  a  view  to  th.^  extension  of  Its 
use  tor  .\iay  work.  Hi-  machine-of  wliieh  an  external  view  as  mann- 
farlnred  l,y  Me,-r-.  TowiM,n  and  Mercer  is  given  in  Fii,'.  q; -consists  of 

-    two    concentric   cylin- 
der-, about  6A  im  hes 
in   diameter,  mounted 
so  as    to    be   rapal^le 
(if  rotati)n  in  c   po>ite 
directions.    The  cyhn- 
ders    are    made    of    a 
material     said    to    be 
superior      -o    ebonite, 
both  \\\  regard  to  elec- 
trical    properties   and 
also  to  its  nun-deteri- 
oration    by    exposuri' 
to    air    and    sunlight. 
The     whole     of     the 
working  parts,  except 
the  driving  gear,    are 
enclosed     in     a    steel 
air-tight     case     pro- 
vided    with    properly 
iiicked  -liiuls  or  btuHiug  boxes  for  the  electnsle-,  axles,  etc. 

The^o-npre-ed  air,  whicli  i-  pumixHl  mlo  the  ca»c,  is  dried  bcloiv  cutrv 
bv  i>eiii<'  pas-ed  through  a  chloride  of  calcium  tube,  thus  improving  the 
lasulatiou  ol  the  working  parts,  aiul  the  enclosing  case  is  sufficiently  effective 
to  hold  up  the  pressure  with  very  little  diminution  for  several  days.  The 
illustration  shows  one  of  the  terminals  .\  with  the  usual  Leyden  jar  at- 
tached- the  discharging  ball  B  is  fixed  to  the  other  terminal,  which 
with  Its  Leyden  jar  is  hidden  by  the  case  of  the  machine.  F  is  a 
handle  bv  which  the  position  of  the  neutraUsing  brushes  can  be 
adiustod  without  opening  the  case,  and  E  is  the  air-valve  for  con- 
nection to  the  cominession  pump. 

The  effect  of  Using  compresstd  air  is  shown  in  the  following  taDle, 
which  gives  the  result's  of  .xperiments  with  a  machine  having  cylinders 
8  lurh.'s  m  .liameter,  enclose..!  m  a  ca-  lo  inches  in  diameter  and 
4',  inches  long.  The  Leyden  jars  used  were  2  inches  in  diameter  and 
coated  2  inclie-  high. 


Fig.  9-!.— Tlie  TucUbary  innucace  M.ichine. 
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Pressure  in  atmospheres. 

1  Atmosphere  (ordinary  pres>ure). 

2  Atmospheres  

i  ••  

4  .■ 


A^iproxiniate  total  pressure 
in  lb*,  per  s<iuare  inch. 


'3 

45 

60 


■'^pAtk  length  u\ 
dry  str. 


i\  lliclif-i. 

S 


As  will  bo  .-een  lattT  011  111  the  chaptor  (page  1  ;o),  tlic  Vdltai;!-  ir(Hii!v,l 
imrcascs  more  rapidly  than  the  spaik  h^tigth,  but  the  actual  voltage 
developed  cannot  be  estimated  in  the  absence  of  information  re-anlm;,' 
the  diameter  of  liie  dischargini,'  balls. 

Larger  machines  have  been  constructed  having  cylmdrr>  is  mk  he-  in 
diameter  enclosed  in  a  ca-.e  20  inches  in  diameter  an. I  10  nuiie>  long 
made  of  an  aluminium  alloy.  In  those  machine.-,  the  dri\ing  gear  h 
placed  in-^ide  the  case. 
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VI. — STORAGE   OK    KI.FrTROSTATIC    ENHROY    ((ONDKNSI- KS). 

Fi.xiiig  our  attention  more  on  the  dielectric,  as  the  eicctric.illy  active 
body,  rather  than  on  the  charged  conductors,  we  may  regard  the  electric 
field  as  a  space  occupied  by  dielectrics  and  bounded  by  conductors.  This 
space  is  in  a  state  of  strain,  and  whilst  the  electric  f  !d  exists  is  a  store- 
house of  energy.  It  is,  therefore,  both  interesting  .md  also  practically 
important  to  consivler  how  we  may  dispose  of  our  dielectrics  and  the 
bounding  surfaces  (the  conductors)  so  as  to  enable  us  to  increase  the 
amount  of  energy  stored  under  given  conditions  of  the  production  ol 
electrification.  For  it  is  obvious  that  the  greater  the  amount  of  energy 
we  can  store  in  a  given  space  the  greater  will  be  the  electrical  or  other 
efTects  produced  when  that  energy  is  utilised  and  maile  to  do  electrical 
or  other  work. 

Pieces  of  apparatus  designed  with  this  object  are  known  a;,  cjiK/cnsrrs, 
a  singularly  inappropriate  term,  since  they  condense  nothing  in  the 
ordinarv  meaning  of  the  term.  It  is  true  that  they  enable  us  to  con- 
centrate a  large  quantity  01  electrostatic  energy  in  a  comparatively 
small  volume  of  dielectric,  but  energy  is  not  material  and  therefore  is 
not  capable  of  condensation.  The  name  arose  from  the  tact  that  large 
electrical  charges  can  be  given  to  the  conductors  used  ;  but  then  elec- 
tricity, if  regarded  as  a  fluid,  is  certainly  incompres>ible,  and  therelore 
cannot  be  condensed.  The  name,  however,  is  so  firmly  iixed  in  the 
literature  of  the  science  that,  with  this  preliminary  caution,  we  shall 
use  it,  for  no  other  is  generally  recognised. 

A  coudcnscr,   llien,   is  usuully    defined  as  "  two  conducting  surfaces  .-ip- 
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posed  tn  one  another  and  separated  b\  a  liieleetric, '  but  a  better  definition 
is  that  a  condenser  consists  of  a  dielectric  lonniied  iy  Iwo  conductors  in- 
sulated  fr'tn  one  another,  the  capacity  fur  storing  energy  being  large  for  the 
loliime  r,f  dielectric  entfiloved. 

Potential.— It  has  already  been  explained  that  the  strain  energy 
stored  in  the  dielectric  is  derived  from  the  work  d(jne  in  separating  the 
electrical  charges  at  the  ends  of  the  strain  lines  or  lines  of  force.  Thus, 
in  F'i;;.  'J4,  as  the  discs  a  and  B  are  drawn  apart,  work  is  done  against 
the  electrical  attractions,  and  the  equivalent  energy  is  stored  in  the 
intervening  and  neighbouring  dielectric.  In  the  two-fluid  theorv  of 
electrification    the    discs  are   supposed   to   be   charged    with   quantities   of 
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electricity,   the   numerical   estimation   or   specification   of    which    is   to   be 
such  as  to  satisfy  Coulomb's  fundamental  equation — 


or 


J  = 


</,1- 


if  /t=i 


It  is  evident  tf  the  quantities  q,  and  g,  o  measured  do  not  specify 
the  amount  of  work  done  or  energy  *t—.".  m  the  dielectric,  for,  if  no 
third  conductor  be  present,  these  quantities  remain  the  same  whatever 
distance  apart  tht;  discs  may  be.  Still  the  amount  of  energy  stored 
depends  upon  q,  and  f,,  for  these  quantities  fix  the  number  of  lines  of 
force  set  up.  The  missing  quantity — that  is,  the  ratio  between  the  work 
done  w  and  the  charge  f  (for  q,  =  q,  in  the  case  cited)— is  known  as 
the  potential  difference  between  the  discs,  or,  more  brieflv,  as  the  potential 
V  of  one  disc  A,  if  the  other,  n,  be  arbitrarily  assumed  to  be  at  zero 
potential.     Thus  we  have 

w 


!      i    f 


w  ~  qv 

for  the  energy  stored  in  the  dielectric  in  this  case. 

If  the  disc  B  at  zero  potential  be  supposed  to  be  fixed,  »  is  the  work 
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doiu'  in  moving  the  -^  charge  q  I.j  llic  poMtion  where  it  has  the  putciitijl 
V.  Il  (/  wcic  diminished,  v  rcniaininj;  uiich.iiiKi.il.  the  work  w  (  qv) 
would  he  correspondingly  uiininished.  Thus  we  niav  >ay  that  v  units 
of  work  are  doiio  on  each  unit  of  electricity  in  q,  lur  this  j;'^'*-'*  "*  '''* 
whole  woi  K  done  as  equal  tor/?-.  Hence  we  iknve  the  tollox.iiii;  deliiii- 
tioii  ot  potential  :  The  putcntutl  v  at  iiiiv  fiuint  is  t/ir  tvnrk  liiiiir  in  />rin,^'t»i; 
lo  thai  point  a  unit  ni  -^  elcciri,  itv  front  anv  place  at  zcn  pntrntui!.  In 
tact,  wc  may  regard  v  as  the  energy  required  to  stretch  the  4  ir  lines  of 
force  corresponding  to  unit  charge  as  the  disc  .x  is  dr.ivMi  away  Imm   11. 

Conversely,  the  potential  may  be  saiil  to  measure  the  energy  with 
which  a  body  charged  with  a  unit  of  electricilv  tends  to  return  to  the 
place  of  zero  potential  and  the  work  which  it  coul('  .)  in  so  returning. 
A  simple  way  of  looking  at  the  facts  is  to  regard  the  •\-  charges  as  tending 
alway;  to  iiove  along  the  lines  of  force  towards  the  negative  charges, 
and  the  difTereiice  of  potential  between  any  two  jiositions  on  a  line  of 
force  is  the  work  which  a  unit  charge  would  do  in  passing  in  the  positive 
direction  along  the  line.  Thus  every  point  in  the  electric  tield  h.is  a 
definite  potential,  though  the  charges  are  only  found  at  the  ends  of 
the  lines.     If  the  field   be   due   to   a   quantity  of  electricity  ./,  at  a  point 

A  the  potential  at  a  distance  r  Irom  A  can  easily  he  shown  to  he 

l.mes  or  surfaces  connecting   all    the    points  at  the    s;i,ne    potential    in 


*  Suppo.se  at  a  f)oint  A  lliete  is  a  quantity  ■/  of  eltcliicily,  aiul  Ut  B  anu  c  lie  two  poinU 
on  the  same  line,  at  disUnces  r  and  r  +  ,/  from  A.  so  that  the  distanci:  11  1;  is  d.  Let  V| 
and  V,  be  the  potentials  at  b  and  c  respectively  due  to  q  and  A.  Then  the  difference  v,  — 
V,  is  the  work  done  in  bringing  a  unit  of  electricity  from  C  to  B. 


and 


The  force  at   B  between  two  i|uantiiies,  q  and   I,  is  ^~ 

The  force  at  c  is  ,     "    ,„ 

(r-f  ,/")' 

Hence  the  work   (force  X  (ll^t.^nce)   re(|uired   to   carry    I    from   C   lo   B   lies   between 
(r  +  a)\ 


9* 

1* 


As  these  are  ve-y  near  together  if  1.'        small,   we  may  t.-ke  their  geometrical  mean  u 
the  quantity  between  them  which  we  re(|..ire. 


Tht  mean  =  — "  — 


?<^    -<L 


f<,r  +  a)        r       r  ■*-  it 

Hence  v,  -  t,  =  ^ '^ — - 


If  Vi  m  .*  then  v,  to  be  of  the  same  form  must  be  equal  to  — 2_    and  this  satisfies  the 

r  '+1/, 

equation,      Therefore  the  potential  at  a  point  distant  r  from  ^  is  ^ 


Elfxtricitv  IK  Tiis  Sexr/cx  or  At  an. 


>;•  i 


\\  ^ 


the  field  are  kiiuwn  aa  cquipotentiul  lt>  -s  or  surtivfj.  It  is  evident  that 
they  must  be  everywhere  at  right  angles  to  the  Uncs  i.t  force,  for  two 
points  on  an\  line  ot  force  are  always  at  different  pottait  als,  since  work 
must  be  done  in  passing;  from  one  to  the  other.  These  equipotentiai 
surfaces  will  therefore  represent  differences  of  electrical  level,  and  + 
electricity  will  always  tend  to  flow  from  the  surface  a'  the  higher  potential 
to  the  surface  at  the  lower   potential,   and  will   so   flow   if  these   surfaces 
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Fid.   ;<  — Flow  cauMd  by  DiSitnncc  of  LtvcL 
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Fig.  90.— Flow  caused  by  Difference  of  Potenii»I«. 


Fig-  9^.— Potentiali  equal :  no  flow. 
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are  connected  by  a  conductor.  The  case  is  mathematically  analogous 
to  the  flow  of  water  between  two  water-tanks  a  and  h,  Fig.  95,  with 
different  levels.  If  the  tanks  be  connected  by  a  pipe  p  p,  the  discharge 
of  water  from  one  to  the  other  takes  place  because  of  the  -difference  of 
lev,.;  ;  water  flows  from  the  tank  a  which  has  the  higher  level  /,  to  the 
tank  B  in  which  the  level  /,  is  lower.  When  the  levels  /,  and 
/,  have  become  equal  as  in  Fig.  97,  no  further  flow  will  take  place. 
In    the  '    of   electricity   we    employ    similar   language,    but    use    the 

word  py  !  i  instead  of  /ere/.  The  electrical  cases  analogous  to  Figs, 
qc  and  •      shown    in   Figs.  q'>  and  9^.     In    Fig.  9''    the  plate    a   is 

supposed  to  >>e  at  a  high  (or  + )  potential,   and  the  plate   b    at  a  lower 
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(or  — )  pottiitial.  It  iluso  pl.ao  arc  ctiiiia\tnl  by  a  wire  w  w  ilun.-  will 
be  a  How  ot  clictricity  tlir(iii;;h  llic  wire  a»  '"'i^;  a>  the  potciilial  ul  a  \% 
liiKhc-r  lliaii  that  <>t  u  (in  piactuc  tliis  tiow  is  ahiio^t  iiutuntanouis). 
lUit  it,  as  in  F'ii;.  iS,  the  plates  a  ami  B  are  both  at  the  same  potential 
(>ay  both  ecjual!\  •^),  then  on  toniuction  beiiii;  made  between  tbein  by 
a  wiie  «•    W   no  llow  ul   electrlLitv  will   take  place   in   the  wire. 

If  the  stopcock  T  (l"'i>;.  0:1  be  clo>cil  whilst  there  is  still  a  diffir- 
eiicc  ot  level  between  the  tanks  a  and  11,  the  material  of  the  stnpcmk 
will  be  put  in  a  state  of  strain,  due  to  the  ditlerent  pressures  on  the 
two  >ide^,  Mut  if  the  stoDcock  T  in  I'i^;.  'j;  be  d'.^cd,  no  such  state  of 
strain  will  be  set  up  in  the  material  i>f  the  stopcock.  I'hc  tlosiiiR 
ot  the  stopcock  breaks  the  hydraulic  cv<inieclion  between  the  tanks,  and 
:n  the  electrical  cases  is  cqui\aleiit  to  the  removal  of  the  wire  w  \v. 
Ip  !''^^  I'j  this  would  leave  the  '.lelectric  in  the  Sfnce  bttweeii  A  .ind 
i)    in   a   state  of  strain,   vsliilsl  in   .•];;.  <i"    110  such  str.iin  would   be   --ct  up. 

It,  when  two  bodies  are  connected  by  a  wire  or  brought  into  coiii.ict, 
positive  electricity  passes  from  one  to  the  other,  we  say  that  there  w.is 
a  ditVerence  of  electrical  potential  between  them,  and  that  the  hotly  troin 
which  the  positive  electricity  passed  had  the  lii>;her  potential.  When  no 
water  flows  from  one  tank  to  another  on  connection  being  made  between 
them,  we  know  that  they  must  be  at  the  same  level,  as  in  Fij;.  1)7  ;  and 
similarly  if  no  discharge  takes  place  between  two  bodies  when  they  .ire 
electrically  c  nnected  they  must  be  at  the  same  potential.  Conversely,  if  they 
are  at  the  same  potential  no  discliarj.;e  of  electricity  will  be  brought  about  by 
connecting  them.  If  we  can  find  a  level  of  reference,  we  may  sjicak  ol  each 
tank  as  having  a  certain  level,  as,  for  instance,  so  many  teel  above  or  below 
high  water  mark.  Similarlv,  we  may  s])cak  of  .1  bodv  as  having  a  certain 
potential  if  we  assume  the  potential  of  the  earth  to  be  zero.  When  w.iter 
tails  to  a  loner  level  it  will  do  work,  and  when  it  has  lallen  from  ,1  liiuher  to 
a  lower  level  the  dilTerence  of  level  cannot  be  restored  without  the  t.\|Kiul- 
iture  ot  w<irk.  For  every  pound  of  water  that  is  lifted  through  a 
diflVreiHc  of  level  equal  to  a  foot,  one  toot-pound  of  work  is  done,  no 
iralter  what  is  the  shape  of  the  p.ith  bv  which  the  traiisler  to  the  higlur 
level  is  etl'ecled.  If  o  be  a  quantity  tif  water  and  D  a  dilVerence  ot  le\el 
through  which  it  is  raised,  then  the  work  done  is  (jn.  Siinii.irly,  elec- 
tricity cannot  be  transferred  from  one  body  to  another  at  a  higher 
potential  without  requiring  work  to  be  done.  If  tf  be  the  qu.mtity  of 
electricity  and  ?'  the  diflference  of  potential,  the  work  reejuired  to  tr.msfcr 
ij   up  to  the  higher  potential  is  qv. 

The  practical  zero  of  potential  is  that  of  the  earth  ;  hence  lor  pr.ictical 
purposes  the  potential  of  a  body  is  considered  to  be  the  excess  or  detect 
of  its  potential  above  or  below  that  of  the  earth  in  its  neighbourhood. 

Condensers. — Returning  to  tb.e  dctinltion  on.  paee  no.  it  is  obvious 
that  the  shapes  of  the  conductors  and  their  positions  relatively  to  the 
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iiml  t'l  flic  aiii'tiur  .ulmit  ot  a  wiilc  i,iiii;i.-  (it  clidice,  specially  loi 
L-xpcriinL-iiI.il  work  mi  tlic  ctlcvtr-  ol  vavviu'^  tlio  i  (nulilii.ii-.  One  special 
loiui  li.r  >iuii  work,  u-ol  by  l^ci-s,  is  ^lu•\vn  in  l-i,u.  't  ^  ulii-re  v  and  /  arc 
i!i,-nkitinsf  lulunilis,  and  A  and  n  the  i  otiduetors.  llic 
diilccllii  iiein;;  air;  n'liucclini,'  "nc  el  the  plat(  i  to 
earth  the  potential'  ?et  up  in  the  other  by  a  lixcJ 
LJiari^e  can  he  measured,  and  the  etTect  produced  by 
\aryint;  tlie  (hstance  of  the  plates  by  a  known  amount 
eaii  be  observed. 

Kohlrausch's   Condenser.  — I"or   more  accurate 

work   K(.lilrau-cli   u-cil  a  coiuku-er  admitting  of  very 
exact    adjustment,  and    nl    which  the    foliowinL;    is   a 
description: — Two  brass  plates  //(Fig.  li>o  .f)f  about 
six  inches  diameter,  are  lixed  to  hnri/ontal  rods,  which 
are  attacheil  by  means  of  shellac  to  the  two  wooden 
supports    b  and    r.     Those  sides  of   the  plates  which 
face  one  another  are  covered  with  gold,  and  the  ends 
of  the  rods  are  provided  witli 
binding    screws    to    receive 
conducting  wires.     The  sup- 
ports,togetlierwith  the  plates 
upon  which  they  rest,  stand 
upon  the  large  base  plate  a, 
upon    which   the  whole   ap- 
paratus rests.     The  base  plate  can  be   adjusted    horizontally   by   means   of 
levelling  screws.     The  support  h  can  be  moved  towards  c  by  means  of  two 
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!  i::     10.  .—Kohlrausch's  Condenser. 
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Forks  attaclied  to  the  under  side.     A  .->ilk  thread  jiassing  over  two  pulleys 
h.KS   one   end    att.iched    to    d,  and  its  otner  end  to  a  weight,  thus  tending 

•  Instruments  for  measuring  potential  or  potential  differences  will  be  described  later. 
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witli  ailju-^tin^  >crrw-  l.i  hrjiin  t'lc  coiuliKtin.;  plate  at;a>  luvl  !.■  it  paialUl  t.. 
the  coihluctiiii;  plate  attaciicd  t..  /-.  'I'iie  tmiiiny  .4  .  ,  anJ  ihcielore  the 
motion  ot  the  plate  uiHleriu-alh  it,  i- ciV.cte.!  in  nuaii-  m  the  Miew  ,;■  aiui 
the  sjniiij;  ;,  \vliil>t  ,'s  vertical  iiKlina:iun  c.ii  Ik  ciiaimr.l  In  meat;-  ot  the 
screw  at  ,;'  and  the  ^piinj:;  at  //.  The  d^laike  hem  lii  tlie  conduani^ 
phites  can  he  alteretl  by  simply  tuniiii^  the  >ciew  ;;. 

For  laboratory  purpo-e^  l^roleSMir  Avitoti  has  iK-Mj^ned  c.>ii(kn-ei>  in 
which  the -i/e  ot  the  smfacoot  the  cori.luctoi>,  Lon-i>tini;  in  thi^  ^  a-r  oi 
sheets  ot  tinloil,  can  be  varied  a>  veil  as  tlieir  .li-tancc-  a|)art.  With  thr-e 
the  laws  ot  the  intiiience  <-!  tlu  i^eomelrical  -Iiape  ot  the  dulcitric  tin 
be  still  tui  tiler  inve^liyated. 

Experiments  with  the  above  and  <'thrr  apj)aia;ii>  prove  that  the 
potential  to  which  a  certain  cliari;e  will  rai-r  the  iiiMilated  plate  ot  the 
condenser  depeiul>  upon  the  size.>  .4  the  plate-  and  their  di-taiue  apart. 
For  detiniteness  it  i-  usual  to  detine  the  i-,it;i,ilv  ot  the  coiuleii>er  a-  tiir 
charier  -cliuh  u-ii!  pfjuuce  unit  dinrrciuf  <;''  f')lnili,il  brlni-,-)!  tite  juilrs, 
thouLjh  it  is  quite  evident  that  much  !arj;er  charge-  can  be  given  to  iii.-l 
condensers  producinu  a  correspondingly  increased  potential  lUn'ereiice.  In 
fact,  with  the  plates  and  dielectric  fixed,  the  potential  dilTerence  v  rL>es 
proportionately  with  the  ch.irge  u,  tiiui  we  liave 

II  =  K    V 
where  K  is  the  cai)acity  of  the  condenser  as  .iboxe  deliiied. 

The  condensers  so  far  described  all  li.ive  ordiiiar\-  .lir  lor  the  dielectric, 
but  Cavendish,  about  1775,  showe(i  that  the  capacity  for  ,i  condenser 
depends  not  onlv  on  its  geometrical  shape  and  dimensions,  but  also 
on  the  dielectric  employed,  and  that  tiie  cipacitv  is  greater  when  solid 
dielectrics  take  the  place  of  air.  Cavendi'^h's  results  were  not  publi-hed  at 
the  time,  and  F'araday  in  iS;7  independently  investigated  the  ])heiiomena  ; 
his  researches  may  be  s.iid  to  torni  the  starting  point  of  our  pre-ent 
knowledge  of  the  subject.  'I'hey  proved  conclusively  the  iin])oit.i!UA  of 
the  part  plaved  by  the  dielectric  in  electrosttitic  action  ;  and  in  ciiiine^tioii 
with  them  I'ar.ul.iv  put  forward  his  theory  ot  the  electric  tield. 

Tlie  i)r<iiierty  of  the  dielectric  which  tdVects  the  capacity  of  a  condenser 
in  which  it  is  used  is  cilled  its  .sprcitir  iiuhi,  tirr  ty>/i<icifv,  a  somewhat  clumsy 
and  not  very  happy  term  ;  imiui  tivit\  h.is  been  suggested  i:i-te  id,  and  i» 
niucli  better,  as  it  corresponds  to  conductivity  in  conductors.  Nunieric.tUv 
tile  specific  inductive  capacity  of  anv  dielectric  is  the  r.itio  betvveen  the 
cijiacities  of  two  condensers  exactlv  similar  but  having  the  given  dielectric 
and  ordinary  air  respectively  lor  their  dielectrics.  'I'lius  the  capai  itv  of  any 
condenser  depends  on  two  factors  :  one  the  geonietrictil  I. ictor  (,.  determined 
by  the  size  and  shape  of  the  conductors  and  their  distances  .ipart,  the  other 
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the  specific  inductive  capacity  k  of  the  dielectric.     Thus  we  have  the  actual 
capacity 

K    =   /{■!,. 
According  to  the  above  definitinn  k  =   \  lor  air.      This  quantity  /•  is  the 
same  as  that  which  appears  on  p-ige  64  in  the  fundamental  equation  tor  the 

force  acting  between  two  harged  particles. 
The  geometrical  factor  g  in  a  condenser  ol 
the  shape  shown  in  Kig.  10;  is  increased 
by  increasing  the  size  of  the  plates  and 
by  diminishing  the  distance  between 
them. 

In  his  experiments  on  specific  inductive 
capacity,  Faraday  u-ed  two  exactly  equal 
condensers  constructed  is  shown  in  I-'ig.  101. 
A  brass  ball  h  was  held  in  the  centre  of  a 
large  hollow  sphere  a  a  by  means  of  a  brass 
rod  »■  passing  upwards  through  a  neck,,^,  in 
which  was  fixed  a  long  insulating  plug  of 
shellac  //.  The  brass  rod  terminated  in 
a  knob  n.  The  hollow  sphere  was  divided 
into  two  hemispheres,  the  upper  one  of 
which  could  be  removed  to  allow  the 
material  under  experiment  to  be  intro- 
duced. The  bottom  hemisphere  was  also 
pierced  and  connected  with  a  tube  through 
the  stand  by  which  different  gases  could 
be  introduced  or  a  vacuum  created  in  the 
space  between  '"'le  sjilieres.  The  method 
of  experiment  consisted  in  charging  one 
of  the  condensers  and  then  making  it  share 
its  charge  with  the  other  by  coniu'cting 
the  inner  balls  ;  the  fall  of  potential  in- 
volved was  examined.  If  the  capacities 
were  equal  the  fall  of  potential  would  be 
exactly  one-  ilf  the  original  potential,  be- 
cause the  capacity  would  be  doubled  on  connecting  the  two,  whilst  the 
charge  would  rem.iin  unchanged.  If  the  capacities  were  unequal  the  fall 
would  not  be  exactl\'  one-half,  and  from  the  excess  or  defect  the  ratio  of  the 
cap.acities  could  be  c.ilculated.  This  ratio  would  be  the  specific  in- 
ductive capacity  of  the  ditlectric,  since  one  of  the  condensers  was  an  air 
condenser. 

.Subsequent  investigators  liave  experimental  by  different  methods  on  the 
values  of  the  s]iecific  inductive  capacity  of  various  dielectrics ;  some  of  the 
results  are  given  in  the  following  table  : — 


Fig.  10 1.— Faraday's  Spherical  Condenser. 


The  Ley. 


Jar. 


>I7 


Eihvl  alcohol 


Soliil .  clluloM'    . 

74 

IVtruleum... 

-  o 

Mica 

...    5  3  i.)  Su 

rurpLTitmi.' 

-  2 

Glass 

1  ,,  I,,  (■■,) 

IJenzine 

-    i 

SlicUar 

-r  to  3  J 

I'apcr  (dry) 

...  ;  7  to  2  s 

Sulphur    ., 

2'5S 

Carbon  dioNide    .. 

I    OKO.N 

Cjuttapiicha 

2-4G 

Air 

I    ...  ..li. 

Indiarubbur 

...     22    to    Z\ 

llydro^i-'ii... 

U     1   1   1^ 

i;b>niti'  .. 

JjS 

111  the  ca-c  ot   solids  tlic  v.ilu 
tituc  cf  the  tx]-.ei  inifiit  and  .il 

The  Leyden  Jar. 

condenser,    has    already 


OS  L;ive:i    '   jK-nd  on  the  phvM.  il   -tatr   .it    tlu 
so  on  the  duration  of  the  cK-ctrical  charL;! . 
The  di-coviTV  of  thf  Lcvdcii  jar,  uhkh  is  a  lorin  of 
beca    referred    to   in    our    historical    introduction 
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Fig.  10-'  — I.cyilf n  Jar. 


Fir.  10    -Franklin's  P.ine. 


ipajie  S).  A  good  torm  is  slunvn  in  Fig.  10-'.  and  coiisi~t:>  ol  a  glass  c\hiider 
coated  witli  tinfoil  inside  and  outside  to  about  two-thirds  of  its  lieight.  The 
stiff  brass  rod  with  a  knob  at  the  top  is  supported  on  the  three  sliglUly  flexible 
legs  as  shown,  these  legs  coming  into  contact  with  the  tinfoil  when  placed 
in  the  jar.  The  method  of  construction  is  simple,  and  il  the  exposed  gla>s 
be  kept  dry  the  insulation  is  excellent.  The  two  tinfoil  oiatings  are  the 
conductors,  and  the  glass  between  them  is  the  working  dielectric.  Usually,  t<i 
charge  the  jar  the  outer  coating  is  earthed  or  coimected  to  one  of  the  ilis- 
charghig  knobs  of  an  electrical  machine,  whilst  the  other  is  comiected  to  the 
other  knob.  The  ends  of  the  lines  of  force  set  up  between  the  knobs  of  the 
machine  then  swee])  down  the  conductor:,  and  tlie  lines  themselves  ,ire 
transferred  to  the  gliss  in  great  numbers. 

Franklin's  Pane. — F'ranklin,  subsequently  to  the  discovery  of  the 
Leyden  jar,  constructed  th-  condenser  shown  in  I"'ig.  107,  and  known  as 
Franklin's  pane.  The  wot)den  n.ime  //  carries  a  glass  plate  ^,  covered  tor 
the  greater  part  of  both   sides  with  tinfoil   s  s.     To  charge  this   pane,  the 


MS 


Et.i\ri;!c:rY  i.\  itn:  Si:i:ni:i,  of  Mas. 


I 


I' 


coating  on  one  side  is  (..hiulvIciI  with  tlic  xmrce  of  clctlricity,  the  other  has 
a  wire  leadiiif;  to  eartli  :  when  ^  /  is  in.jved  into  the  po.Mtioii  shown  by  tlie 
dotted  Hues,  X-  touches  the  tinlujl,  ami  cmmects  this  tintoil  to  earth  by 
tne.iiis  (it  tlie  wire  wliiih  supiJurl-  k. 

Batteries  of  Jars. — To  obtain  very  jiowertul  elTects,  we  iiiis;ht  use  very 
lar^e  jars  oi  plalis  :  this,  lio\vc\ it,  would  lie  inconvenient,  and  liie  method 
adopted  is  to  connect  several  jars  in  a  loriu  called  a  battcrv,  bv  electrically 

coimectincj  all  the 
miKT  coatings  to 
form  one  conductor 
of  large  surface,  and 
also  electrically  con- 
necting tile  outer 
coalings  as  shown  in 
Fig.  104  I'he  charge 
of  such  a  battery  with 
a  given  potential  of 
the  inner  coatings  in- 
creases proportion- 
ally with  the  number 
of  jars  ;  for  instance, 
eight  equal  jars  will 
have  a  charge4  times 
tiiat  of  two  jars  A 
table  resting  on  glass 
suj)ports  has  brass 
bands  on  its  upper 
surlace,  so  arranged 
that  all  the  outer 
coatings  of  the  differ- 
ent jars  are  touched 
by  them.  Thel-nobs 
of  the  jars  have  metal  rods  terminating  in  balls.  The  knob  of  the  centre 
jar  H  is  bigger  than  the  remaining  ones,  and  to  it  the  metal  rods  are  fastened. 
(Jn  n  is  an  arm  terminating  in  a  little  ball  ;  to  charge  the  apparatus  this 
ball  is  placed  on  the  prime  conductor  a  of  an  electrical  machine,  whilst  the 
outer  coatings  are  connected  with  the  earth. 

With  the  machine  worked  at  a  constant  speed  the  time  required  to 
ch.-irge  this  apparatus  will  be  x  x  the  number  of  jars,  if  .v  stands  for  the  time 
in  which  one  jar  is  charged,  and  they  are  all  similar.  The  whole  apparatus, 
however,  miglit  be  charged  in  x  seconds  —  the  number  of  jars  ;  to  do  this, 
e.ich  jar  is  separately  insulated  ;  a  wire  from  the  outer  coating  of  the  first  jar 
leads  to  the  inner  coating  of  the  second,  a  wire  from  the  outer  coating  of 
the  second  leads  to  the  inner  coating  of  the  third,  and  so  on,  until  the  last 
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and  the  inner  ciKitinR  of  the  tir>t  jar  i-^  bnuiglit  into  contact  wiili  the 
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of  elcctricitv.      A   hatttrv   arr.in^cil    in 
battery,  and  a  series  ot  jai>  >o  eoimectii 


th 


will 


lis    manner  l■^    teinua   a  casi.ule 
i.>  >.iiil  to  be  cliarm.ll  in  cascade. 

the  cajiacitv  of  a 
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The  capacity  ot  tlic  arraiiL;einc!it 

the  number  of  jars.  The  thinner  the  ulass  in  the  jar  the  more  electric 
energy  will  it  store  for  a  ^iveii  liiifcrt'iur  nt  pi.trntial  between  its  ])hites  ;  hut 
care  must  be  taken  that  the  j;hiss  be  not  too  thin,  cl-e  tiic  dieiecuic  will 
give  way  under  the  severe  stress,  there  will  be  a  disruptive  di>charife, 
and  a  hole  will  he  pierced  through  the  glass  ;  if  this  happens  the  jar  will  he 
rendered  useless.  If,  however,  the  gl.i^s  shouUl  be  piercetl  the  jar  ni.i\-  be 
used  again,  provided  the  tinfoil  round  the  hole  be  removed. 

Lane's  Unit  Jar. — To  the  left  of  Fig.  104  there  is  shown  a  little  jiiece  ol 
apparatus  known  as  Lane's  unit  j.ir.  It  coiisi.itsof  a  small  Leydeii  jar  K,  wliii.h 
rests  on  a  conducting  substance  connected  to  e.irth  ;  close  to  it  is  the  glass 
pillar  n,  fitted  with  a  piece  of  brass  in  which  a  horizontal  brass  rod  slides  ; 
one  end  of  tlii'  brass  rod  terminates  in  a  little  b.ill,  the  other  end  holds  a 
small  wire  k,  which  is  fastened  to  the  conducting  sub>taiice  on  which  the 
jar  rests.  The  wire  c  connects  the  inner  coating  of  the  little  jar  with  the 
insulated  outer  coating  of  the  battery.  The  jar  serves  the  purpose  of  deter- 
mining the  quantity  of  tlie  charge  of  the  battery,  or  indirectly  the  differeiK  e 
of  potential  between  the  coatings.  The  distance  through  which  a  spark  will 
[lass  when  a  conductor  is  brought  near  an  electrified  body  depends  upon 
their  difTerence  of  potential  ;  it  follows  that  when  this  distance  remains  the 
same,  and  the  capacity  of  the  condenser,  of  which  the  two  balls  form  Mie 
terminals,  is  also  unchanged,  the  number  of  sparks  will  enable  us  to  ikter- 
mine  approximately  the  quantity  of  electricity  discharged. 

The  arrangement  shown  consists  of  tv.-o  condeiuers  in  cascatle,  one 
being  the  large  battery  and  the  other  the  unit  jar.  There  are  therefore 
three  separate  sets  of  conductors.  First,  the  inner  coatings  of  the  battery, 
which  are  in  connection  with  a  ;  secondly,  the  outer  coatings  ot  the 
battery  and  the  inner  coating  of  the  jar — these  are  insii!  Ued  ;  thirdly,  the 
earthed  outer  covering  of  the  jar.  When  charging  is  going  on  (ass  -g 
it  to  be  giving -J- electrification)  th.e  potential  of  the  second  conductor  n-es, 
because  it  is  under  the  inductive  action  of  both  the  earth  and  the  tirst 
conductor.  It  eventually  rises  sufliciciitly  for  a  spirk  to  pass  when  it 
falls  to  zero,  discharging  the  +  electritic  ition  on  the  inner  coatir.g  of  k, 
but  leaving  the  —  electrification  on  tliv  outer  coatings  of  the  battery. 
It  then  rises  again  and  di.scharges,  leaving  a  second  equal  quanliiv  of  — 
electrification  on  the  outer  coating-  of  the  battery,  and  so  on  ;  and  if  'is 
distance  be  kept  constant  discharge  will  always  take  place  at  one  and  i.ie 
same  difference  of  potential.  The  number  of  sii.irk?  passing  will  theretore 
indicate  the  quantity  of  the  charge  of  the       ttery  ;  dividng  the  number  of 
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«paiks  by  the  number  ot  jars  coiuaincd  ii)  the  battery  gives  the  quantity  per 
jar.  The  unit  thus  obtained  represents  that  amount  ol  electricity  which 
liiarges  the  unit  jar  to  tile  potential  difference  nece-^arv  to  cause  nue  spark 
to  pass.      In  this  kind  of  measurement  certain  precautions  are  necessary. 
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The  battery  must  not  be  charged  by  allowing  sparks  to  pass  from  the  con- 
ductor A.  Retbre  measurements  are  taken  with  the  jar  k,  we  must  allow  it 
to  be  charged  and  discharged  once,  on  account  of  the  resitiual  charge  which 

is  left  behind  in  I.eyden 
jars  alter  they  are  dis- 
charged. 

Standard  Condensers. 

— The  Leydcn  jar,  after 
being  for  many  years  only 
of  theoretical  interest,  is 
now  cotning  into  practical 
use  in  connection  with  in- 
duction machines  used  for 
the  production  of  X-rays 
and  in  radiography.  But 
other  forms  of  condensers 
have  been  and  are  widely 
Used  in  the  applications  of 
electricity,  especially  in 
telegraphy.  The  object  of  the  design  of  these  condensers  is  to  obtain  great 
storage  capacity  in  a  small  space,  whilst  the  insulation  of  the  conductors  is 
carefully  attended  to.  The  conductors  used  are  almost  invariably  sheets  ol 
tinfoil  built  up  as  shown  in  Fig.  105  and  separated  by  layers  of  mica  or  of  paraf- 
fined paper.  The  former  is  the  better  dielectric,  but  is  only  used  for  the 
highest  class  of  work  on  account  of  the  e.xpense.  In  the  figure  the  fine  hori- 
zontal linesrta(7«  and  bbb  represent  the  conductors,  and  the  heavy  lines  the 
dielectric.  The  sheets  of  tinfoil  are  so  cut,  either  with  suitable  lugs  or 
Otherwise,   that  the   alternate   ones  a  a  a  a   can     be   conveniently  joined 
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together  on  the  left-hand  side,  and  the  iiiternicdi.iie  ones  b  /^  h  similarly  joined 
on  the  riglit-hand  side.  Wiien  the  reciui>ite  nuinher  li.i^  hien  reached  they 
are  pressed  firmly  tojjether  and  placed  in  a  suitibU-  box,  on  the  outside  of 
which  are  mounted  two  terminal  blocks  it  h',  on  which  are  suitable  terminals 
T  t'.  The  blocks  are  usually  separated  bv  a  conical  iiole  in  which  a  plug 
can  be  inserted  to  "short-circuit '"  or  di>chariTe  tiie  condenser. 

In  Figs.  lO'i  and  107  are  shown  two  such  commercial  condensers  ,is  used  lor 
testing  purposes.  Fig.  \o(\  mav  he  regarded  as  the  external  view  ot  the  con- 
denser shown  in  section  in  I'ig.  10:;,  with  the  dilTerence  th.it  in  this  p.ittern, 
which  is  usual  for  a  stand.ird  condenser  of  ^  of  a  microlarail,  the  terminal 
brass  blocks  are  lengthened  as  shown.  In  I>'ig.  10;  the  bo.x  contains  five 
separate  condensers,  having  capacities  of  05,  05,  '.:,  -z  and  '5  microfarad 
respectively  ;  the  ten  external  terminal  blocks  are  so  arranged  that  the  separate 
condensers  can  be  rapidlv  joined  up  in  series  or  in  p.ir.dlel,  or  p.ntly  in 
series    .ind    p.irtly   in     parallel.      A    diagrannnatic     plan    of    the    box    is 


Fig.   10    — IMan  of  (."orulen-er  Pox. 


given  in  Fig.  los.  Ten  brass  blocks,  a...k,  a...e,  are  arranged 
facing  one  another  in  pairs — k  a,  B  h^  etc.  ;  the  blocks  A  a 
are  the  two  terminals  of  the  first  condenser  i,,  the  blocks  B  h  the 
terminals  of  the  second  c>..idenser  r^,  and  so  on.  Each  block  can  be 
electrically  connected,  by  a  conical  plug  inserted  mto  the  dividing  space, 
with  the  block  opposite  to  it  and  with  the  blocks  on  either  side  ol 
it.  When  connected  to  the  opposite  block  the  corres[ionding  con- 
denser is  short-circuited  and  cainiot  be  charged.  When  connected  to 
the  blocks  on  either  side  the  plates  of  the  adjacent  condensers  on 
that  side  form  electrically  a  single  conductor.  To  join  the  condensers 
in    parallel,    holes    i,    2.    3    and    4    sboiilrt    he    plugged    on    one   side,    and 
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holes  r,  2',  %'  ami  4'  on  the  other.  To  join  them  in  series,  lioles 
I,  z\  3  anl  4'  should  be  phiimeJ  and  terminals  ,/  and  k  u^e !.  To 
avoid  luntiision,  the  hiniliiiij  screws  shown  in  Fit;,  100  liave  been 
omitted     from    the    diaijram    in    I-'ii,'.    10^. 

A   ibrm  of  standard  condenser  very  convenient   tor  testint;  purport  -,   as 

made  by  .Messrs.  Miiiriiead  and  Co.,  is 
shown  in  Fig.  10  1.  The  },  microfarad 
is  divided  into  two  conden>ers  having 
tiiree  terminal  blocks,  .\.  11,  ami  C,  of  which 
(•  is  common  to  each  condenser.  This 
arrangement  enables  the  capacities  of  the 
two  to  be  compared  from  time  tu  time,  so 
that  any  alteration  in  one  of  them  woidd 
be  detected. 

Theory   of    the    Condenser.— This 

will  be  .1  convenient  place  to  collect  and 
amplify  the  facts  already  explained  respect- 
ing conden>er>. 

If  K  be  the  capacity  of  any  condenser, 
a   qu.inti;\   of  electricity  y    raise   the  potential-difTerence  of  its  two 
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conductors  by  v,  then 
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Q    =    K  V. 

If  without  altering  o  we  diminish  k,  then  we  increase  v.  Now  this  is 
exactlv  what  is  done  with  \'olta's  condenser  (Fig.  135)  when  duly  charged 
and  the  upper  plate  lilted  oil".  The  capacity  is  diminished,  and  the  higher 
potential  thereby  produced  i•^  manilested  b\'  the  divergence  of 'he  leaves. 

It  has  been  mentioned  that  the  capacity  of  a  Leyden  jar  or  other  con- 
denser depends — ■ 

(i)  On  the  size  of  the  conducting  coatings  or  surfaces. 

(2)  On  the  thickness  of  the  glass  or  dielectric. 

(3)  On  the  "  specific  inductive  capacity  "  of  the  dielectric. 

More  generally  we   have  seen   that   the  capacity  consists  of  two  principal 

factors  :  one,  g,  a   purely  geometrical    factor,    depending   on   'he  sizes  and 

relative  positions  of  the  conductors,  and   the    other,  k^  depending  on  the 

nature  of  the  dielectric  and  known  as  its  "  specific   inductive  capacity,"  so 

that  we  have  ,  ,„, 

K  =  AG.  (H) 

It  will  be  useful  to  record  here  the  values  of  G  for  a  few  typical 
practical  importance. 

F'or  tivo  paiallcl  plates  at  a  distance  d  apart,  and  where  S  is  the  ih  ,.,.^ 
surface  of  niic  of  the  plates,  we  have,  if  S  be  very  large  compared  with  </, 

G    =-     -^,  (I) 

4  7r(/  ' 

This  is  the  case  of  the  ordinary  working  condenser  (Figs.  10;  to  10.)  just 
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described,  and  the  lormuLi  in.iv  .iUk  1h-  u-cd  \'<  ;;ivo  approxniKitclv  the 
jijcoinetriial  tattor  tor  a  I.tydcn  iar.  Nutac  t!iat  Uic  cipantv  will  vary 
•/iiyctlv  (IS  ll:i-  ,irtnii^  siin'.ict-  aiui  m:  ,rs)uv  ,n  //;,•  dislaih  r  .tpni  >  !'!■■  pi  il'-i. 
HciKo  tlic  impDrtancc  nt  briiijjiiiij  the  ]ilat(>  a^  iloso  ii'i;ether  a>  pi--rnlc. 
I'"i)r  t:t'n  rrjii:ri!fric  splirrrs  of  radii  a  and  /'  rc~i'<.\  lively, 
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This  is  the  form  of  condenser  (Fit;,  i-  i  i  u^-ed  bv  Faradav  in 
bt-arches.    Here  ajjaiii  j— /' is  the   di-tance  aji.irt    >■)   the   .u tnii;  -urtaees,  and 
tile  lap.K'itv  increases  proportiona'clv  witli  the  dimi- 
nution ot  this  iH>tance. 

A  verv  itnportant  case  is  that  of  two  conceiilnc 
cvlinder-  .il  length  /,  and  with  radii  ;,  and  ;•,  respec- 
tively, shown  in  sectiun  in  Fij;.  no.    Tliis  represents 


Fig.  I ;  .—Section  of  Con- 
denser formed  by  Two  Cun- 
cenirii  Cylinders. 


Fig.  II  .—The   Ursl  Atlantic  CiUe 


the  conden-er  formed  by  a  sulmi. trine  cable  (,vti-  F"ig.  1 1 1 ),  wliere  the 
inner  cvlinder  (r,\  is  the  copper  conductor  c.  and  the  outer  cylinder  the 
inner  surface  of  the  outer  conducting  sheath  s,  the  space  between  being 
filled  with  some  dielectric  D,  such  as  guttaperclia,  useil  as  an  iiiMiLitur. 
Here  we  have 


G  = 


;iog..ri_ 


(3) 


In  this  fornuda  the  logarithm  of-i  can  be  taken  from  an  onlinary  t.ible  of 

logarithms  in  the  usual  wa}-. 

Unit  of  Capacity. — To  obtain  tiie  actual  capacity  of  any  condenser  by 
using  the  formulae  (i),  (2),  ami  {3),  it  should  be  noted  (i.)  that  all 
measurements  must  be  made  in  centimetres,  and  (ii.)  that  the  result  olHained 
must  be  divided  by  qoo,ooo.  The  capacity  will  then  be  given  in  mi  ri, farads, 
the  practical  unit  of  capacity  in  the  electro-magnetic  system  to  be  explained 
later. 

Energy  Stnreii  in  a  Cluiriicd  Condenser. — We  have  seen  (page  1 1  >  'i  that  the 
energy  w  stored  in  a  charged  condenser  ile[iends  on  the  product  of  the 
charge  O  and  the  potential  diflereiice  v.  In  the  case  then  coiir,idered  the 
charge  wa.s  constant,  and  the  potential  diO'erence  was  varieil  by  varying  the 
capacity.  In  the  more  usual  case  the  capacity  is  constant,  and  the  charge 
and  potential  dilTcrencc  \.ir\    lugether.     In   this  case  the  energy  stored  is 
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obtained    by  tnulliply'nj?   tlie  cli.ir),'c    bv  the   mean  laluf   ot    the    potential 
dillereiice  during  tin."  period  of  eh.irj;intr.      Thus  we  have 
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Combining  this  with  equation  (A)  we  i^et  either 

w    =   ',  K  \ ' 

or  w  =    .    - 


(C.) 


All  tlte>e  results  are  import. int.  I-Ajuatioii  (C,)  is  tlie  general  case.  Kquation 
(CJ  is  applicable  vheii  a  Leyiien  jar  or  other  couiienser  is  bcuig  charged  by 
an  electrical  machine  or  a  battery  whert  ''ie  final  iiotential  diflerence  or 
electric  pressure  either  approaches  a  ce' tui  ".it  or  has  a  definite  value.  In 
these  cases  the  energy  stored  is  directly  pioportional  to  the  ca[)acity  ol  the 
Condenser. 

ICquation  (C,)  is  applicable  when  the  charge  y  is  tixcii,  .uul  it  is  at  tirst 
sight  curious  that  then  the  encrgv  stored  varies  inverseh  as  the  capacity  of 
the  condenser.  In  such  a  case  the  largest  amount  of  energy  would  be  stored 
by  using  the  fi.xed  charge  Q  to  charge  a  condenser  o*  very  small  capacity. 

It  should  not  be  overlooked  that  the  energy  stored  is  proportional  to  the 
iqiiiue  of  the  pole'iMal  difference  or  the  square  of  the  charge  wherever  the 
capai.it\-  of  the  system  charged  is  constant. 

C'iinliii!(ili':iis  r,f  C'litdnisfis. — If  condensers  h.iving  capacities  k„  k„  k,,  etc., 
be  combined  by  Joining  all  the  conductors  on  one  side  together  to  form  one 
big  conductor  on  that  side  (see  Fig.  104I,  and  all  the  conductors  on  the  other 
side  to  form  another  big  conductor,  the  joint  capacity  K  is  the  sum  of  the 
separate  capacities,  or 

K  =  K,  +  K,  +  K,  +  etc.  (D,) 

This  method  of  combination  is  technically  known  as  joining  in  parallel. 
The  result  is  obvious  if  we  suppose  the  combination  charged,  and  remember 
that  all  the  condensers  are  charged  to  the  same  potential  difference  (v),  and 
that  the  total  energy  is  the  sum  of  the  energies  in  the  separate  jars.     Thus, 

w  =  w,  +  w,  +  W3  +  .    .    . 
or  A  K  V  --^  \  K,  \ '  +  A  K,  V  +  A  K3  V  +    ... 

from  wliich  equation  (D,)  follows. 

If,  however,  the  condensers  be  joined  in  scries  (or  ''cascade")  the  law 
is  more  complicated.  In  this  case  the  terminal  of  one  com!  •user  is 
joined  to  one  of  the  terminals  of  the  next,  the  other  terminal  ol  that  to 
a  terminal  rif  the  next  one,  and  so  on,  so  th.it  the  condensers  are  arranged 
in  a  single  row,  with  a  free  termin;d  at  each  end  to  form  the  terminals  of 
the  system.     We  then  fmd  the  combined  capacity  by  the  equation 

■     '     ■     '-  +  etc.,  (Dj 


K, 


K, 


and  it  is  easy  to  show  that  k  is  less  than  the  least  of  the  quantities  k„  k,,  k,^ 
etc.  The  truth  of  this  equation  can  be  proved  in  the  same  manner  as  before 
!<■  we  now  remember  that  the  charges  of  all  the  jars  are  equal.     Thus, 
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therefore  *  'kT  "    ^  k,  +  i  k.  "^  i  k,  '     "   '   - 

from  which  (D,)  follows  by  ilivulinj;  out  A  y". 

I'Uectric  Absnrpti  n  and  Resiilual  C/.</r;v.— An  importnnt  difTcr- 
fiice  has  to  be  iioliLol  bctwccii  a  condcnsir  with  a  Rascmi-*  .nul  one 
with  a  solid  dicltvtric,  namelv,  thit  the  tirst  is  liilly  charged  alini.-.t  iii^t.intlv, 
liio  .■.ccoiul  takes  time.  If  tlie  kiiol)  ot  a  Leyden  jar,  or  one  pl.ite  '>t  ,mv 
mkI)  cdiuicnser.  lie  connected  with  an  electrie  inacliine  or  ^ener.itiM.  tin- 
other  plate  being  in  connection  with  the  earth,  a  charge  rushes  in  with 
great  rapidity  ;  but  the  passage  of  the  electricity  does  not  instantly 
cease,  as  is  the  case  with  an  air  condenser.  Similarly,  when  the  two 
plates  are  joined  by  a  wirj  scj  as  to  be  brought  to  one  jiotential,  the 
electricity  is  discharged  very  rapidly  at  tirst  ;  but  this  discharge  does  not 
then  cease,  and  the  electricity  continues  to  flow  along  the  coijiiecting  wire 
for  precisely  as  long  a  time  as  it  ran  in,  and  at  the  same  rate  after 
equal  intervals  of  time.  This  further  (U>cliarge  is  often  reierreii  to  a>  being 
due  to  the  "residual  charge"  of  the  condenser.  If  upon  maintaining  a 
difference  of  potential  V  between  the  coatings  of  the  condenser  a  quantity 
y  per  second  is  found  flowing  into  the  condenser  at  the  e.xpiration  of  a 
certain  time,  say,  ten  minutes,  then  ten  minutes  after  the  tirst  discharge 
the  same  quantity  o  per  second  will  be  found  flowing  from  one  coating 
or  plate  to  the  other.  The  dielectric  seems  to  absorb  electricity  at  a 
certain  rate  when  subjected  to  certain  conilitions,  and  to  yield  it  all  up 
again  at  the  same  rate  when  the  two  plates  are  brought  to  the  same  potential. 

To  explain  this  action  attention  has  been  called  by  Faraday  and  other 
physicists  to  the  analogous  phenomena  of  "fatigue"  and  "  elastic  recovery" 
which  are  exhibited  by  many  solids  when  subjected  to  mechanical  stress. 
Thus  if  a  bar  of  steel  be  placed  in  a  testing  machine  and  subjected  to  a 
tensile  stress  it  is  stretched  perceptibly  when  the  load  is  first  applied.  If, 
however,  the  load  be  kept  mi,  the  steel  is  very  slowly  stretched  still  turther. 
On  removing  the  load  the  bar  sjirings  back,  if  it  has  not  been  overstrained, 
almost,  but  not  quite,  to  its  original  length,  which  will  onlv  be  reached 
after  a  period  of  time  approximately  equal  to  the  period  that  the  load 
was  kept  on.  Now  the  dielectric,  we  know,  is  mechanically  strained 
by  the  electric  forces,  and  it  would  appear  as  if  the  results  of  the  application 
of  the  electric  stress  to  the  solid  dielectric  resembled  very  closely  the 
case  of  the  steel  bar  under  mechanical  stress.  There  is  a  large  amount 
of  yielding  when  the  stress  is  tirst  applied,  follo\*ed  by  a  slow  and  diminish- 
ing subsequent  yielding,  and  rkc  j  crsa  when  the  strain  is  removed. 

Maxwell  has  suggested  that  the  phenomena  are  due  to  the  dielectric 
being  composed  of  heterogeneous  particles  of  difTerent  conductivities, 
and  has  shown  mathematically  that  this  would  account  for  the  main 
facts.      Dr.    S.    P.    Thompson    has    kirther    pointed    out     tliat    all    M;ch 


r.r. 


A    iv  :.\  nil    .'<:,\r:(.i:  cf-  .l/.i  \'. 


plitii'iiu  ii.i.  bctli  nKi.li.iiiK.ll  .iiiil  I  lixli  a.il,  iu,i\-  -n:  tliic  to  hctcroj^cncitv 
of  stiuiiuii-  ll  li.l^  liiiii  I'li-irvil  !li.it  .1  'I'  'lii.il  cli.irijc  I'lilv  rt-nuilis 
when  till  iliili'itrii  >(|i.ii.itmK  tlic  [\\"  Ki.itiiii;-  i>  .1  iiyiil  Ixiily,  U!ul  tli.it 
tile  .iiipHiiit  "t  till--  tli,irj;c  i1l[>ciii1>  up. •11  the  pi. .pirtii.-.  of  tllis  rij^itl 
divieitiu  .  It  li.i--  Ik.1.11  tiiular  !. luiiil  tli.it  the  if^HJinl  i.li.ir>;c  iiicTcases  with 
the  tliiikiu--,  (it  the  dieleitiK  and  the  iiiai,'nituile  ol  the  iliait;e>  ^iveli  t.> 
Ihc  i.Mtiiin>.  I'L.tii  tlie^c  l.iet-i  we  iiiii^t  emicluile  tli.il  the  dielei  ti  ii.s  are 
the   i.iu>e   111    tlu>'_-    pheii. linen. i  (.1    1    -niii.il    c!iaii;e. 

Seat  of  the  Charge  in  a  Condenser.  -Cl.-elv  e.iiineeted   with  the 

f(irej,'iiinL;  IS  the  que--tii>ii  of  tile  exact  positiun  nt  the  eh.ir^je  in  a  coiuleliser. 
Do  the  ih.ir^e-i,  tliat  is,  the  eiuU  of  the  line>  ot  Idice,  lie  on  the  surfaces  of 
the  i.iiiiilin.t(ir>  or  (111  tlie\'  lie  mi  the  e'Hitimious  surlaees  ol  the  liieleetrie  ? 
The  two  -urtaee^  are  iiitinitelv  el.-e  ti>  mie  ain'ther,  hut  they  aie  geoinelri- 
cally  (iilleieiit,  anil  the  above  ijue.-tinn  i--  ot  gie.it  theoretieal  iiUereNt. 

To  ex.uniiie  the  matter  expeiinientallv  condensers  have  been  constructed 
in  such  .1  u-.u  that  the  two  cundiK  tors  and  tlii  dielectric  can  be  taken  apart. 
Let  a  I.e\.l(ii  jar  (I'ij;.  iiJ)  of  tin--  kin.l  be  eh.iri;ed  and  placed  on  an 
insul.uiiiL;  t.mle,  and  then  let  the  inner  coating  a  be  first  lifted  out  by  an 
insul.unii;  .-ilk  cord   and  the  glass  c  taken  out  from  the  outer  coating  i>. 


Kij.  iif. — t,ey(ien  Jaf 
with  Moral.te  Coatings. 


FIk-  Itv — Condensfr  of  rFpinus,  with  MtnaMc  Continca, 


The  two  co.itinf^s  mav  now  be  rubbed  tir  brought  logetl.-.r,  an.l  yet  when 
the  parts  are  rt  placed  the  jar  will  be  found  to  be  charged.  It  seeini  as  if  the 
charcres  had  remained  on  the  surfa.-es  of  the  class.  A  plate  condenser  whicn 
can  also  be  readily  taken  to  pieces  is  shown  in  Fig.  ii.',  in  wl'..i>  u  and  b  are 
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the  twn  toatiiit's,  n;  uli.-  of  i-linl  i'l.i  .,  ^iipj). .iu>l  I'li  nu'V.i!'  i;la«s  lu'.l.in. 
'I'lu-  ^l.i>-i  Jil.itc  (•  ri  prc-<.-iit>  llic  ilK-lritti*',  Winn  </  .di.l  '>  .iri  im-lii-.l  cl^'Sc 
tu  (  tile  apii.ir.itus  hi;(,-oiia>  .1  I'r.iiiUli:.  pl.itr,  .intl  in  thi>  (i"»iti"ii  tlie  i  omliii-cr 
is  ch.irc-'''  •  wli^''>  ''  •""'  ''  •"*'  im"\i'!  liom  .  ,  h.<\\\  .ipniMi  ilt,  trlluil,  '.in-  niic 
p(i-,iti\ely.  the  other  IK■^.ltivllv.  I'lu  !u..  pLitt  .iri'  ili-i  li.ityi  il,  .iiul  .main 
rni'veil  cl'-^e  to  f  ;  tlie  pl.ite>  at;  lin  appear  e  ■  Mlie<l.  thoui;h  not  so  iiuu  li  a-. 
belote  It  ^ccms,  then,  tliat  the  -il  I'er  por:i  11  ot  tlie  <h.iTi;c  ie-uK~  uu'  . 
(,r  on  fho  siirf.KC  of  the  gla.--  plate.  'l\f  a!"Vi'  w.i~  l''ara<l.iy'.-^ 
j  i  Liiatit^n,  wliirh  was  objected  to  by  Kohlrau  ■  h,  ClauMn-,  utnl  othci-, 
ulio  cDnsider  the  residual  ch.irt,'C  to  1  ■  an  li.lu.  tivr  phenoinrnoii. 
Rut  fioin  the  point  of  view  a.K.  ated  in  the  lon^oini;  pities,  and  renietn- 
berinj;  that  tlie  electrical  ninj'v  i^  ci  rtainlv  -loreil  'i  the  ilielectrle.  ilie 
tact  that  with  soiiii  dieKctrii^  the  -train  hue-  appear  to  terminate  at 
the  surface  of  the  iliele'ttric,  and  not  on  "he  tontis^iiou-.  conductor,  is  not 
ver>-  -urprisinj;. 

VIi, — Il.KTRICAl.    Ills.  IIAKCI-    AMi   SOMt    1        IIS   KM  1(  TS. 

General  Phenomena  connected  with  Discharg'e.  -It  «e  connea  an 

flectrilied  body  hv  mean- "t  a  wivi  with   the   earth,  it  li  -e- all   ;ts   eleclricitv 

that  is,  in  the  lani;uaj;e  ->(  tlie  fluid  theorv,  the  electricitv  of  the  hodv  llows 

'.liroLinh  the  wire  to  the  earth.      Tlie  actual  cii.m>;e^  in   the  electric  field  h.ive 
leeii  described  in  detail   I'T  a  special  ta-e  CiMge  .Hi),  and  it  is  easy  to  inoilifv 
the  description  for  aiiv  other  case.     In  the  case  considered  the—  ends  ot  the 
hues  sweep  upwards  over  the  wire  .v  (Fi;;.  th).  and   this,  accordin;;    to   our 
present  conventions,  is  rei;,iuled    ,is  an   electric  eurrent  iliwutuanh  through 
tile  wire.    The  discharge  ot  the  positively  i  b.irgeil  body  K  theret'ore  cau.^e^  a 
current  to  flow  downwanls  through  the  e.n  tli-coiMiected  wiie  x.     We  .i^suiue 
the  potential  of  the  earth  to  be  eipial   to  zero,   nui   betwun  it    .iiid  .ill  con- 
ductors at  a  ditlereilt  poteiiluil  there  will   he  .m  electric  fielil.     When  a  bodv 
h.is  a  pc;tential  ditfering  troMi  that  ot   tl.ei.i'th,  and    is  cotntnted   with   the 
earth  by  a  wire,  electricity  tlou  s  along  the  wire  tioni  the  higlKr   poiciui.d   to 
the  lower.     The  e!cclricil\-  ilows  until  both  bodii-  !i.i\e  the   -une   potentia;, 
that  is,  until  all  the  electric  lines  pa—ing  Irmi  01  .     1.     t!ie  .'the'    have  disap- 
pe.ued.      The    di-ch.irge   of  a   I.eydeii  jar   is   es.-eiiti.iUy   similar       Here   the 
connection  is  again  between  two  coiuluctois  at  dilTerei;!:   pole r^'inls,  viz.,  the 
mner  and  the  outer  coatings  of  the  jar.    .-\s  in  the  precious  case,  a-  ^o^.n  .is  the 
toiinection  is  made  electricity  flow.s  Irom  th.'  coiuiucti  rat  higlur  potential  to 
the  conductor  at  lower  potential,  and  the  j.o  is  discn  rged.  During  discharge 
electricitv  flows  through  the  connecting  wire  troin  one  coating  to  the  othe  , 
producing  what  is  called  a  current  ni   the  wire      But    a   current    is  produced 
even  when  an   uiielectritied  body  is  brnight   near   .ui  elr.  trilied  one  before 
connection,  as  we  have  seen  in  the  above-cited   example.      The  inonicii     we 
bring  an  uiielectritied  -vvire  near  the  electritied  bodv  .1  current  is  induced  in 
the  wire  bj*  the  rwdistribution  of  the  lines  of  force,  .iiui  betore  the  wire  has 
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reached  the  elettritied  body  we  see  a  spark  pass.  When  the  potential- 
dilfcrence  of  the  electricity  on  the  coatings  has  become  sufficiently  great 
to  break  down  the  resistance  of  the  air,  discharge  takes  place  (see  page  8j). 
The  distance  which  the  spark  overleaps  is  called  the  sparking  distance  ;  this 
distance,  of  course,  dejicnds  upon  the  difference  of  potential  produced.  That 
is  to  say,  the  strain  on  the  dielectric,  or  tendency  to  produce  disrupt  ive  dis- 
charge through  the  air 
between  two  surfices, 
depends  upon  their  dif- 
ference of  potential. 

To  discharge  a  Ley- 
den  jar  the  apparatus 
shown  in  Fig.  1 14  is 
usually  employed.  The 
rods  connecting  the 
balls  are  ot  metal,  but 
the  handles  are  of  some 
insulating  substance, 
generally  of  glass.  The 
outer  coating  of  the 
jar  is  touched  bvoneof 
the  balls,  the  remain- 
ing hall  is  approaeheil 
10  the  kn<ib  of  the  jar 
until  a  spark  pa?>LS 
over.  If,  however,  we 
wi^li  to  observe  the 
effect  ol  the  discharge 
on  interposed  bodies, 
the  apparatus  repre- 
sented in  Fig.  115  will 
be  found  more  con- 
venient, where  insu- 
lating handles  s  sdirect , 
through  slides  and  uni- 
versal joints  //  h  sup- 
ported by  insulating 
pillars  a  c,  the  discharg- 
ing knobs  k  k.  The  subbtance  through  which  the  discharge  is  to  be  passed  is 
laid  on  the  little  table  adjusted  by  the  screw  /  on  an  insulating  pillar  h. 
Wires  from  the  oppositely  charged  conductors  are  attached  to  .v,  and  s,. 

Sparking-  Distances  in  Air. —  To  determine  the  sparking  distance, 
an  early  method  \v;is  to  use  the  spark-micrometer  of  Rciss.  It  is  repre- 
sented   in  Fii,'.  ilo,  where  A  is    a  heavy  metal  stand  on  which  a  metal 


Bis.  115.— Henley's  Discliarger. 
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plato  is  fastened  hoii^nntallv  ;  a  glass  pillai  i>  lixfd  to  (Uic  did  of  the  jilatc, 
the  nthiT  iiid  has  a  shdo,  wlikh  is  mnvid  aloiii,'  l>y  iiuaii-  ol  a  muronn  tir 
M  iiw  :  this  vhde  cariies  another  pillar.  To  determine 
the  sparking;  distance,  the  slide  with  the  jjillar  is  gradn- 
ally  moved  towards  the  tixed  one  until  the  .spark  pas>e>. 
The  distance  of  the  two  balls  from  each  other  is  indi- 
cated b\-  a  .-cale  along  which  the  slide  is  moved  by 
means  of  the  screw. 

Loid  Kelvin  made  experiments  on  the  relation  of 
tho   '•parking   distance   to   the   difference   of   iiotential 
between  two  parallel  i)lates  coimected  with  the  (juad- 
rants  of  an  electrometer.     His  exi)eriments  and  those 
of   other  early  experimenters  agree  in  suggesting  the 
conclusion   that   the   sparking   distance  iricrea.scs  at  a 
xmiewhat  greater  rate  than  the  difference  of  potential 
of  the  bodies.     This,  as  will  be  shown  presently,  agrees 
with  more   modern   results   obtained  over  longer  dis- 
tances and   using  much   higher  electric   pressincs    or 
differences  of   potential.     Put  otherwise,  it  means  that 
as  the  electric  pressures  increase  any  air  gaps  aero.ss  which  disruptive  dis- 
(hargcs   may    occur   must   be   more   than   proportionally  increased   if   the 
di>charges    are    to    be    prevented.      The    deduction    is   of   great    jiractical 
importance. 

To  return  to  the  early  exix.'rimenters  :  Kijkc,  who  devoted  much  attention 
to  the  subject,  found  the  law  of  proportionality  laid  down  by  Reiss  not  to 
be  quite  correct,  and  that  the  ^parking  distance  increases  more  raiiidh  than 
the  difference  of  jH)tential  between  the  sparking  bodies.  Rijke  has  given  a 
lormula  for  the  calculation  of  the  sparking  distance  from  the  potential, 
and  the  distances  obtained  thus,  according  to  the  formula,  agree  with  actual 
observations  better  than  those  obtained  from  Reiss's  law,  as  will  be  ^een 
from  the  following  table  : — 

Keii..  Rijlf. 

\-2\  ...  4-SS 

S-42  ...  SSj 

ii-63  ...  1-7) 

I6S5  ...  I()02 

2f05  ...  2USI 

2527  ...  24J.> 

2')'4S  ...  2N-2S 

.»'69  ■  ■  .i2I(> 

For  nearly  all  the  di>tances  given  Rijkc's  calculations  are  nearer  than 
Reiss's  to  the  observed  results,  though  within  the  limits  of  the  distances 
sj^cified  Reiss's  sim[)ler  law  of  proportionality  is  near  enough  for  most  pur- 
poses.   The  potential-differences  are  given,  mo>t  probably,  in  electrostatic 
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iinit^,  and  mii>t  tluivfore  ho  multiplied  by  300  to  bring  them  to  the  more 
familiarly  known  volts. 

The  question  of  the  sjiarking  (li>l.inre  in  air  at  different  vf)ltaj;es  has 
assumed  much  greater  importance  dining  recent  years  owing  to  the  de<elop- 
ment  of  methods  of  electric  transmission  of  energy  over  long  distance^.  To 
be  economical,  such  methods,  as  will  be  shown  fully  in  the  sequel,  must 
em})loy  high  voltages,  and  one  of  the  factors  which  limits  the  possible  voltage 
is  the  dielectric  strength  of  the  atmosphere  as  shown  by  the  sjiarking  dis- 
tance. Experiments  have  therefore  been  made  during  the  last  few  years 
by  different  experimenters  to  determine  the  sparking  distance  under  different 
conditions  at  pressures  up  to  100,000  volts,  and  hi;;her. 

Some  interesting  experiments  of  this  kind  -vere  communicated  to  the 
Birmingham  section  of  the  Institution  of  Electrical  Engineers  in  1906 
by  Mr.  E.  A.  Watson.  Two  condensers  were  charged  in  series  with  the 
continuous  current  from  aWimshurst  machine  until  the  jjotential  chfference 
of  their  outer  plates  rose  sufficiently  to  break  down  the  iasulation  of  the 
air  in  a  .sjiark  gap,  the  two  sides  of  which  were  connected  to  these  plates. 
The  charging  current  was  ingeniously  measured  by  a  galvanometer  placed 
between  the  two  condensers,  and  the  potential-difference  at  which  dis- 
charge occurred  was  calculated  from  the  magnitude  of  this  charging 
current  and  the  time  taken  to  obtain  100  discharges. 

The  discharges  were  taken  between  spheres  or  balls,  and  to  vary  the 
conditions  different  sizes  of  balls  were  used.  Some  of  the  results  are  given 
in  the  foil'     .ng 

T.\BLE    OF    SPARKING    VOLT.AGES    .AT    DIFFERENT    DIST.ANCES. 
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S  cm.   H.1II.S 

i-otm.  RiIK 

CS)  in.). 

(•75  ill-)- 

31.100 
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.Si.fXX) 
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— 

91.500 

"" 

<)4,2oo 
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(i"o  in.). 

(\-A  ijl.). 

34.0.50 

35.000 

4(>,950 

47..'ioo 

55.(KXJ 

61,000 

64.000 

71.000 

70.700 

So.  000 

76.O00 

87.900 

Si. 400 

96,400 

S5.700 

I02.1I00 

90.IXX) 

107.  UXI 

95.000 

II2.IAJO 

99,200 

— 

103.200 

— 

106,600 

— 
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The  experiments  with  the  two  hiif;e;-t  halls  eotild  not  he  eairieil  to  higher 
V(iltaf,'es  because  of  dismptive  dischaifies  ocniniu^;  at  the  eumli'iisers, 
\vhil>t  the  experiments  with  the  smallest  halls  {I-.55  em.)  r'Hild  not  he  ex- 
tended in  {,'reater  distances  because  of  brush  discharf,'es  when  the  potential- 
dirterence  was  raised  to  about  ()0,ooo  volts.  Attention  has  already  been 
called  (sec  page  60)  to  the  effects  of  curvature  on  the  distribution  of  eUctritica- 
tion  on  charged  bodies  and  (sec  ixige  82)  to  the  action  of  points,  that  is, 
bodies  of  great  curvature,  in  promoting  the  di.ssipation  of  the  electric 
charge.  We  have  in  the 
tabic  oil  p.  1 30  sonic  quanti- 
tative results  on  these  cfTccts. 
With  the  balls  of  great  cur- 
vature the  experiments  on 
dielectric  strength  had  to  be 
stopped  below  60,000  volts 
because  at  higher  voltages 
the  charge  leaked  away  in 
the  manner  previously  de- 
scribed before  the  lir  broke 
down.  With  balls  of  less 
curvature,  however  :  r  ■  volt- 
age was  pushed  •  ',000 
volts  before  c^  .rent 
causes  stoppec.  '\i)cri- 
ments. 

The  effects  of  curvature 
in  concentrating  the  charge 
and  thus  starting  the  dis- 
charge are  also  seen  in  the 
higher  voltages  required  for 
the  same  distance  by  the  larger  balls  as  compared  with  the  smaller.  Thus, 
at  i-o  cm.  distance  the  largest  l>all>  require  nearly  4'«oo  ^'"1'"  "i'""t'  than 
the  smallest,  whilst  at  4-5  cms.  the  differeiK  e  is  as  much  as  4(1.700  volts, 
the  ratio  being  nearly  2  to  i. 

The  results  given  in  the  table,  together  with  some  otlier>.  are  graphically 
deiiicted  in  the  curves  in  Fig.  117,  in  which  the  sparking  distances  are  plotted 
horizontally  and  the  corresponding  sparking  voltages  vertically.  Curves  I., 
HI.,  IV.,  and  V.  give  the  results  in  the  table,  whilst  Curve  la.,  which  is  very 
nearly  a  production  of  Curve  I.,  is  obtained  by  increasing  the  size  of  the  — ^"^ 
electrode  to  j-2  cms.,  the  -|-'''  electrode  remaining  at  r;,5  <  ms.  By  this 
change  the  sparking  distance  could  he  increased  to  9  cms.  at  a  voltage  of 
about  73,000  volts. 


o       I        2        1        4        5        fi       7        s        9 
Sf'arkini;  itistancc  in  .,iitiniftres. 
V\z.  117.— Spark  length  Voltatjci  for  liitiirenl  Klcctrodcs. 
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Expcninont  fmtlur  showed  tluit  the  cuivaturf  of  \\w  _>=  electrode 
vv.ts  much  more  important  than  that  ot  thi'  -|-^=  electrode.  The  incre;i>e 
ol  sparking  distance  ohlainetl  in  Curve  la,  could  not  be  obtained  if  the 
polarities  were  reversed  and  the  larger  ball  made  positive.  Hence  the 
cone  hision  reached  by  the  author  that  "  witliin  moderate  limits  the  sj)arking 
voltage  of  any  gap  is  determined  by  the  size  of  the  smallest  electrode." 
This  i>  the  first  exi)erimental  instance  to  which  we  have  as  yet  referred 
lending  to  show  that  the  difference  between  -|-«  and  — «  electrification 
i>  something  more  than  (  -n  be  expressed  by  a  mere  difference  of  algebraic 
sign  ;  later  on  other  dill'  !<  nces,  leading  to  a  more  intimate  knowledge  of 
the  nature  of  electricity  itself,  will  be  dealt  with. 

The  above  results  are  for  air  at  the  ordinary  pressures,  which  during 
these  experiments  varied  between  29-4  and  30  inches  of  mercury.  As  the 
density  of  the  air  is  increased  the  sparking  distance  is  Ic  ^ned,  but  becomes 
greater  when  the  atmospheric  pressure  is  diminished.  What  takes  place 
at  veiA-  low  pressures  will  be  dealt  with  in  a  subsequent  chapter.  Not  only 
the  density,  but  also  the  chemical  composition  of  the  medium,  influences  the 
si>arking  distance.  Faraday  found  the  distances  considerablv  less  in  chlorine 
gas,  but  twice  as  long  in  hydrogen  gas  as  in  air. 

Other  Effects  accompanying-  Dischargre.— The  spark  referred  to 

ai)ove  is  a  luminous  effect  which  is  accompanied  by  the  generation  (jf 
heat.  There  are  also  mechanical,  chemical,  magnetic,  and  physiological 
etlects  either  in  the  sjiark  gap  itself  or  the  conductors  through  which  the 
discharge  takes  place. 

Heating  Effects  of  Discl)arge.— The  heating  effect  of  the  electrical 


Fig-  ii3.— Heating  Effect  of  Discharffe. 


bpark  can  be  shown  by  means  of  the  apparatus,  Fig.  118.  The  brass  basin 
M  re-ls  on  a  glass  pillar,  and  into  m  dips  the  point  s,  but  without  touching 
U.     Into  the  hasiii,  which   is  connected  with   the  earth,  inflammable  sub- 
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stances,  such  as  itlur,  :ilc(ihol,  etc.,  are  broiiKlit.  '\'\w  knob  of  a  changed 
Leyilen  jar  is  brought  near  the  ball  at  the  other  end  o(  the  rod  s,  when 
a  spark  will  pass  from  s  and  ignite  the  substanei;  contained  by  the  b.i-in. 

T<i  ignite  substances  such  as  gunpowder,  Henley's  universal  <li>charg<r, 
.shown in  Fig.  114, is  made  u^.'  of, and  the  heating  ttfect  of  the  electric  spark 
niav  be  further  shown  by  allowing  it  to  pass  through  combustible  gases 

Kciss  invented  an  instrument,  shown  in  Fig.  iii,  to  measure  the  heat 
caused  by  electrical  discharges.  The 
glass  globe  k,  whose  diameter  is  3'6 
inches,  contains  a  platinum  spiral 
terminating  in  the  screws  s  S,.  A 
tube  with  a  small  but  uniform  bore, 
terminating  in  the  vessel  g,  runs 
from  the  lower  portion  of  the  globe, 
as  shown  in  the  figure,  b  and  o  are 
of  wood,  and  the  former  can  be  raised 
or  lowered  about  the  hinge  at  the 
end  by  the  metal  prop  adjusted  by 
means  of  the  screw  b.  Thick  wires 
connect  the  platinum  spiral  with  the 
binding  screws  n  D„  which  are  sup- 
ported on  glass  rods.  At 
o  the  globe  has  a  well- 
fitting  glass  stopper  by 
which  the  atmospheric 
pressure  can  be  regu- 
lated. When  readings 
are  taken,  the  glass 
tube  is  first  filled  with 
some  fluid  ;  the  stopper 
0  is  replaced,  and  the 
platinum  wire  inserted 
hi  the  circuit  by  means 
of  D  D,.  When  the  discharge  has 
becomes  heated,  and  causes  the  air 
the  liquid  in  the  ;ube  towards  g.  By  means  of  the  depression  in  this 
tube  we  are  able  to  determine  the  heating  effects  of  an  electrical  dis- 
charge of  a  battery. 

Careful  quantitative  experiments  made  by  Reiss  showed  that  the  heat 
generated  in  the  platinum  wire  is  proportional  to  the  square  of  the  quantity 
of  electricity  discharged  through  it,  a  very  important  result,  and  in 
accordance  with  equation  (c,),  page  1 24- 

Mechanical  Effects. — To  the  simplest  mechanical  efTects  belongs  the 
electrical  wheel  or  windmill  already  referred   to  {page  S3),  the  motion  of 


taken     place    the     platinum     wire 
in    the    globe    to   expand,    pushing 
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which  we  have  already  discussed.     When   we   place   the   electrical    wheel 
under  the  receiver  of  un  air-pump,   and   then  charge  it   after  the   air  has 

been  exhausted,  we  find  that  it  rotates  far  more 
slowly  than  before.  The  phenomena  of  attrac- 
tion and  repulsion  have  been  made  use  of  for 
electrical  toys,  as,  for  instance,  the  electrical 
butterfly,  electrical  hammer,  etc.,  etc.,  the  prin- 
ciple of  which  will  be  understood  from  the  fol- 
lowing description  of  one,  namely,  the  electric 
hail.  Several  cork  and  pith  balls  are  placed  on 
a  metal  plate  which  is  connected  with  the  earth. 
A  bell-jar,  through  the  neck  of  which  there 
passes  a  brass  rod  terminated  by  balls,  covers  the 
whole  (Fig.  i-o).  The  inner  ball  becomes  elec- 
trified when  the  outer  is  charged,  and  attracts 
the  cork  balls,  electrifies  them,  and  then  repels 
them.  The  electrified  cork  balls  fall  upon 
the  metai  plate,  lose  their  electricity,  and  are 
again  attracted  by  the  brass  ball.  The  cork 
balls  continue  to  jump  about  until  the  charge  in 
the  brass  ball  has  nearly  spent  itself. 

Fuchs  observed  that  when  water-drops  are 
electrified  they  coalesce  and  become  larger,  and 
the  relationship  between  the  size  of  the  rain- 
drops and  the  electrical  condition  of  the  atmo- 
sphere has  attracted  the  attention  of  physicists. 

In  the  historical  introduction  we  mentioned 
an  experiment  that  served  to  support  Du  Fay  and 
Symmer's  theory :  we  mean  the  perforation  of  a 
stout  piece  of  paper  by  means  of  the  electrical 
spark.  The  turning  up  of  the  edges  on  both 
sides  was  accounted  for  by  stating  that  an  elec- 
trical discharge  was  the  result  of  two  currents 
flowing  in  opposite  directions  to  each  other. 
Reiss,  however,  holds  that  the  experiment  only 
proves  that  the  mechanical  effects  produced  by 
the  current  spread  uniformly  in  all  directions, 
and  the  fibres  of  the  paper  give  way  in  that 
direction  where  they  find  least  resistance.  If  the 
electrical  discharge  is  sufficiently  powerful,  it  will 
perforate  glass  plates  of  considerable  thickness.  An 
arrangement  which  may  be  used  for  this  purpose 
is  shown  in  Fig.  121.  A  short  glass  tube  A  filled 
top  with  a  thick  plate  of  glass  a  having  a  Conical 


Toe  Perforation  of  Glass. 


with  shellac  is  closed  at  the 
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hole  in  the  middle.  Into  tlii^  hole  pr(>jc(.t>  a  wire,  wliich,  lus^in.L;  down  :is 
shown,  ends  in  the  hall  it,  from  which  a  wire  passes  throii.^h  the  tube  to 
the  external  ring  c.  The  pl.ite  i>  to  be  pierced  is  pl.unl  on  v,  and  on 
top  of  it  is  put  the  plate  v  similar  to  .v,  and  with  the  uinical  holts  exactly 
in  line.  On  this  rests  a  narrower  and  longer  glas.s  tube  k,  likewise  fdled 
with  shellac,  ihrouRh  which  passes  a  wire  terminatint^  in  the  ball  I).  Care 
ought  to  be  taken  that  cbe  glass  plate  to  be  pierced  is  dry  and  clean. 

Electric  Dust  Figures.— I -ichtenberg's  figures  are  .mother  illustration 
of   the  efTects   ol    electricd   disch.irges.     These  figures  are  obtained   in    the 
following  manner  :  An  iron   point  connected  with   the  inner  coating  of  a 
Leyden  jar  or  the  prime  conductor  of  an  electric  machine  is   held  over  a 
smooth  cake  of  resin.     Through  this  point  the  resin  cake  receives  its  charge 
The  metal  point  is  withdrawn,  and  a  tine  powder  is  dusted  through  a  piece 
of  muslin  over  the  cake.     The  dust  then  arranges  itself  in  distinct  figures. 
The  dust  mixture  usually  consists  of  red  lea(!   and   sulphur,   or    vermilion 
and   Ivcopodiuni    powder,    and    is    shaken    out    from   a   muslin   bag.     The 
r articles  rub  against  each  other  and  against  the  muslin  and  become  elec- 
trified,  the   sulphur   negatively  and  the     ed    lead    positively.     The  former 
are   attracted    by    the    positively    electrified    parts    of  the   resin    cake,    the 
latter    by    the    negative.      The     positively    electrified    places   will    appear 
yellow,   and   the   negatively   electrified   places   red.     But  the  difTen-nce  of 
form  is  of  more  importance  than  this  difference  of  colour.     Fig.  122  shows 


Fig.  u;  -Posirive  Do«»  Tipin. 


Fig.  u;— Negative  Duit  Figure. 


the  characteristic  figure  for  a  positive  charge;  Fig.  12;  the  same  for  a 
negative  charge.  If  the  resin  cake  has  a  mixed  charge — that  is,  positive 
and  negative — we  obtain  a  mixed  figure.  Fig.  12.1  represents  such  a 
figure.  We  observe  a  red  disc  in  the  centre,  corresponding  to  the  nega- 
tive  electrification,   surrounded    by   rays   of  yellow,   corresponding   to    the 
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positive  electrification.  In  Fig.  12:;  is  shown  the  effect  of  a  discharge 
between  the  -|-  and  ^  poles  of  a  machine  ;  it  strikingly  illustrates  the 
difference  between  the  ramifications  proceeding  from  the  -|-  pole  and  the 

sheave-  or  disc-like  appearance 
surrounding  the  ^  pole.  The 
last  two  figures  are  most  easily 
produced  by  a  RuhmkorflT  coil. 
The  investigation  of  Lich- 
tenberg's  figures  has  been  con- 
tinued by  Bezold,  Reitlinger, 
Keiss,  Wachter,  and  others. 
Wiichter,  especially,  made  ex- 
periments under  many  condi- 
tions, and  he  succeeded  in 
obtaining  positive  figures  which 
had  the  appearance  of  negative 
ones  ;  this,  however,  only 
happened  when  the  point 
through  which  the  charge  was 
directed  was  made  of  a  non- 
conducting substance,  having 
its  surface  free  from  dust ;  but  he  never  obtained  negative  figures  resembling 
positive  ones.     From  these  experiments  Reitlinger  and  Wachter  concluded 


—  Mixed  Dust  Fi£ur«, 


Fig.  125,— Dust  Figure  Showing  Discharge  from  Both  Poles. 

that  for  the  production  of  positive  figures  the  carriers  of  electricity  must  be 
rigid   particles,   which   are  hurled  from    the  point  towards  the   surface   on 
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which  they  slide,  and  to  which  thcv  give  up  their  electricity.  When  a  spark 
passes  between  metals,  little  particles  are  torn  off  the  positive  metal,  as  has 
been  already  mentioned.  Now  it  is  these  particles  that  cause  the  ramification 
in  the  positive  figures,  for  if  a  non-conductor  be  used,  such  as  a  piece  of 
wood,  the  tearing  off  of  the  particles  does  not  take  place,  and  the  figure 
is  simply  a  round  disc.  Electrification  of  the  resin  plate  in  this  case  is 
obtained  through  the  agency  of  particles  of  air,  which  electrify  the  plate 
uniformly  in  all  directions.  If,  however,  the  surface  of  the  bad  coii 
ductor  be  covered  with  dust,  this  dust  will  be  hurled  away  by  a  positive 
discharge,  and  the  positive  figure  will  then  show  the  ramifications  in 
spite  of  a  non-conducting  substance  being  used.  Wherever  negative 
electricity  is  imparted  to  the  resin  surface,  traces  of  iNs  shaped  distribu- 
tion are  left  behind ;  whilst  positive  electricity  produces  figures  which 
may  appear,  according  to  circumstances,  in  radial  lines,  or  in  circular 
discs  and  rings.  To  produce  a  negative  figure  with  even  the  slightest 
trace  of  lines  has  been  found  impossible. 

For  the  production  of  Lichtenberg's  figures  we  may  not  only  use 
resin  plates,  but  also  glass,  ebonite,  wa.x,  etc.  The  powder,  too,  may  be 
changed  for  others,  provided  one  of  the  ingredients  becomes  positively 
electrified,  and  the  other  negatively  electrified,  when  rubbed  together. 
Such  powders  have  been  termed  ckctroscnpic. 

Physiological  and  Chemical  Effects  of  Electrical  Dischapges.— 

When  we  bring  a  finger  near  to  a  charged  conductor  we  feel  an  un- 
pleasant sensation,  and  if  the  spark  is  powerful  serious  injuries  may  be 
received.  The  spark  of  a  battery  of  Leyden  jars  is  capable  of  killing 
large  animals. 

When  the  discharge  of  a  battery  is  conducted  through  chemical 
compounds,  they  may  be  decomposed.  For  instance,  if  from  the 
negative  and  positive  conductors  of  an  electrical  machine  wires  are 
dipped  into  a  solution  of  sulphate  of  copper,  and  the  machine  is  worked 
for  some  time,  we  shall  find  on  the  wire  of  the  negative  conductor  metallic 
copper  deposited,  although  the  action  is  a  very  slow  one.  The  peculiar 
odour  in  the  air  about  an  acting  electric  machine  is  also  due  to  the 
chemical  effects  of  electrical  discharges;  the  molecules  of  oxygen  are 
decomposed  and  rearranged  in  a  modification  known  under  the  name 
of  ozone.  The  production  of  ozone  electrically  is  now  regularly  carried 
on  commercially,  and  special  pieces  of  apparatus  known  as  ozonizers  have 
been  devised  to  produce  the  gas  economically  and  in  large  quantities. 

Magnetic  Effects.— Magnetic  effects  of  electrical  discharges  show 
themselves  in  two  different  ways.  A  magnetic  needle  free  to  move  is 
influenced  when  brought  near  a  circuit  through  which  discharges  take 
place.  When  electrical  discharges  are  conducted  through  a  wire  spiral, 
in  the  centre  of  which  there  is  a  steel  needle,  this  needle  will  become 
a  permanent  magnet. 
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Luminous  Effects. — In  addition  tu  the  luniiiious  sparks  referred  to 
above,  tliu  electric  charRo  gives  rise,  undc-r  varying;  circumstances,  to  a 
great  number  of  beautiful  luminous  and  other  ctlects.  Some  of  these, 
in  the  form  of  X-rays  or  Rontjjen  rays,  have  become  very  important 
during  the  last  few  years.  There  are,  however,  methods  of  producing 
electric  discharges  other  than  those  due  to  electrostatic  machines  and 
it  will  be  more  convenient  to  postpone  the  consideration  of  these  some- 
what important  effects  until  after  the  description  of  the  electro-magnetic 
methods  of  obtaining  the  discharges. 

The  Return  Shock.— .Many  electrical  efTects  of  discharges  are  to  be 
accounted  for  by  the  violent  disturbances  set  up  in  the  medium.  The 
return  shock  sometimes  felt  by  persons  standing  near  a  conductor  which 
is  being  discharged  is  so  cau>ed  and  may  be  explained  in  this  manner. 
Two  conductors  are  placed  near  to  the  points  between  wliich  the  dis- 
charge is  to  take  place  ;  the  one  farthest  from  the  circuit  being  connected 
with  the  earth.  Whilst  tlie  discharge  is  taking  place  in  the  circuit,  the 
two  conductors  will  be  influenced  by  it.  The  two  conductors  being 
difTerently  situated  with  respect  to  the  charged  bodies  are  ditVerently  in- 
fluenced by  the  electric  induction  from  them.  Not  only  is  the  dielectric 
between  the  charged  bodies  in  a  state  of  strain  which  is  finally  increased 
up  to  the  breaking  point,  but  the  remainder  of  the  dielectric  in  the 
neighbourhood,  including  that  surrounding  the  two  conductors,  is  also 
in  a  state  of  strain,  and  one  of  these  being  connected  to  earth  becomes 
charged.  Now  when  the  two  charged  bodies  are  discharged  the  cause 
of  this  state  of  strain  is  suddenly  removed,  and  the  dielectric  and  the 
neighbouring  conductors  return  to  their  natural  condition.  This,  how- 
ever, necessitates  a  very  rapid  re-arrangement  of  electrical  strains  and 
distributions  existing  a  moment  before  in  the  medium  and  on  the  con- 
ductors, and  in  this  re-arrangement  violent  momentary  currents  may 
occur  in  the  conductors,  giving  rise  to  what  is  known  as  the  return 
shock. 

Atmospheric  Electricity. — The  upper  layers  of  air  are  more  or  less 
electrified,  so  as  to  have  a  potential  difTering  from  that  of  the  earth,  but 
how  their  electrical  condition  has  been  produced  is  not  at  present  known. 
Condensation  of  water-vapour  is  known  to  produce  electrical  separation,  and 
this  condensation  is  greatly  assisted  by  the  presence  of  dust  particles  which 
act  as  nuclei.  Recently  it  has  been  suggested  that  electrification  may  be 
due  to  tho  presence  of  the  -\-  and  —  ions  in  the  air,  and  to  the  fact  that 
the  —  ions  more  easily  form  nuclei  than  the  -|-  ones  ;  these,  being  carried 
down  first,  the  -|-  ions  are  left  behind  with  their  charges  to  electrify  the  air. 
It  is  found  that  there  are  greater  differences  of  electrical  condition  at 
diflferent  elevations  under  a  clouded  sky  than  with  a  clear  sky,  and  it  is 
ahvajs  clouded  when  there  is  a  display  uf  lightning.  Lamont  coubidcrs 
the  atmospheric  electricity  to  he  a  consequence  of  the   earth's  electricity. 
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Close  to  the  earth  thu  air  lias  little  or  ii..  i.lKirj;c  ;  the  fartlu-r  from  the  earth 


if  elect  rifii  at  ion  ii 


1  thi 


In  the  Air.— KiiiployiiiK  the  term>  wu  have 
ilopteil  to  indicate  a  ditTerence  ol  electrical  condition^,  we  should  say 


the  greater  the  amount 

Difference  of  Potential 

now  adv.,.., 

that  many  i  xpcriments  prove  that  there  is  a  dilTerencc  of  pote.itial  between 
the   earth  and  points  in  the   air  above.     In   tine  weather  the  potential  is 
higher  the  higher  we  go.  increa>iTiR  usually  at  the  rate  of  twenty  to  lortv 
volts   for  each  for>t,  and    balloon  observa- 
tions appear  to  show  that  it  continues  to 
increase    up    to   a   height    of    about    tour 
miles,  after    which    it    remains    constant. 
It     changes,     however,    very    rapidly     in 
broken,    windy.    :'nd    rainy    weather,   and 
is  even  at    tin  c-    reversed,    becoming    for 
a    time    negative    as    rei^ards    the    earth. 
The    plans   adopted  to  test    the  potential 
at   any   point    usually    consist    in    placing 
an  insulated  conductor  at  that  point,  and 
allowing   for     he   discharge   of    free    elec- 
tricity   from    it,    its    electrical    ccjndilion 
being  afterwards  tested  by  an  electroscope 
or    electrometer.      This    discharge    takes 
place  when    material    particles    are   made 
to    leave    the    conductor.      Volta   used    a 
small   flame   at  the   end   of  an   exploring 
rod.    Lord  Kelvin  used  an  insulated  water- 
can,  from  which  water  was  allowed  to  drip, 
or    an    exploring    rod    with    smouldering 
touch-paper   at    the    end       He    has    also 
employed  with  success  a  portable  electro- 
meter, on  the  same   general  principle   as 
the  quadrant  or  divided  rint;  electrometer. 
Peltier  used    \n  -nsulated   pith-ball  electrometer  with   a  metal   dome,  and 
me.ms  of  connecting  it  for  an  instant  with  the  earth. 

Ligfhtningf. — Lightning  is  due  to  the  equalisation  of  potential  in  the 
clouds,  where  the  electrical  spark  appears  as  lightning  and  the  sound  it 
produces  as  thunder.  Lightning  chooses  the  easiest  path  for  its  passage 
Three  forms  of  lightning  are  usually  recognised  :  fork  lightning,  sheet 
lightning  and  ball  lightning.  Sheet  lightning  may  be  regarded  as  brush- 
like discharges  from  cloud  V>  cloud  ;  it  is  not  necessary  that  one  of  the 
clouds  sh.,uld  have  positive  and  the  other  negative  electricity.  As  we  can 
draw  sparks  from  an  electritied  body  by  bringing  near  it  an  unelectritied 
bodv,  io  an  electrified  cloud  cnn  !n^-  its  electricity  t"  a  non-e!ectri!ii-d  cloud. 
Fork  lightning  may  be  compared  to  the  spark  witii  ramifications,  and   the 


Kig.  !»'■.— Li;;htninK  Tubes  (fulguritf*). 
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iame  explanation  may  be  given  i)f  it.  Tlit-  qu.mt.  :■  I  <■'■■•  'ricn  .•  in  cloud 
deptnd-  oil  its  i.ipacitv  and  potcntia!  ;  if  the  t.i;  .  ity  Hi  ,  uhes  while  the 
quantitv  remains  the  same,  the  potential  rise:  Now  the  capacity  of  a 
sphere  such  as  a  rain  or  water  drop  i  ineasurtu  by  its.  s ';i.-  but  <f  two 
equal  drops  of  water  coalesce  to  form  a  single  drop  the  radi  s  <  the  single 
drop  v.ill  only  be  about  26  per  tent,  gre.iter  than  that  of  cither  of  the 
sma'ler  drops.  The  capacity  in  this  case  therefore  falls  somewhat  n\  the 
ratio  oi  2  tor  the  separate  drop-  to  r26  for  tho  single  large  d  ■.  The 
difference  of  potential,  therefore,  between  two  masses  of  cloud,  or  between 


Fif.  la    —The  Aurora  Boiulii. 


one  mass  of  cloud  and  the  earth,  may  become  so  <:rreat  by  the  coalescing 


of  drops  and  consequent  reduction  of  capacity, 
gives  way  under  the  strain,  and  a  flash  of  ,,f. 
When  lightning  is  directed  towards  our  earth,  it 
pijints  first,  .such  as  the  tops  of  towers,  tre*  s  etc..  -wX 
to  earth  which  offers  least  resistance  to  its  passage 
pass  through  dry  sand,  it  fuses  it,  and  produces  what 


the  intervening  ;i»r 
jung    is    the    resuit. 
strikes   the  highest 
!ien  takes  that  :    tb 

If  lightning  h.u.  ro 
i  k:i'>wn  as  lightninc; 


tubes  or  "fulgurite,"  some  forms  of  which  .ire  shown  in  ("ig.  120. 

Ball  lightning,  a  phenomenon  not  very  frequently  met  with,  consist 
ol  balls  ol  lire  \l?iblc  fui  abi^ur  ten  seconds,  and  then  bursting  witr 
a  loud  explosion.     Lightning  without   thunder   may  be   the    reliection 
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Tvg.  ijv— The  Auror*  Borealb. 

di      '   e  r-ai.         us  almost  immediately;  sound  travels  about  i,iOO  feet 
P^r  St  1     at  the  ordinary  temperature.     The  thunderstorm,  therefore, 

^,11  b  tance  of  i,ioo  feet   x    by  the  number  of  seconds  that  have 

t;:  i-sc  the  flash  and  the  report. 

a.  Borealis.— Thii  phenomenon  is  seen  in  the  polar  regions 

€vei  somewhat  lower  latitudes  seldom,  and  m  the  regions  of  the 

equal.  In.  the  intermediate  latitudes  hardly  more  than  a  reddening 

>>t  the  c  ;  sky  is  seen;  but  in  the  polar  regions  it  is  one  of  the  most 

riUiant  p.       .mena,  as  will  be  apparent  on  inspecting  Figs.  127  and  1 2^     The 

r  f5g::      represents  the  aurora  as  observed  once  by  Lemstrom,  who  has 

,cn  able  to  produce  experimentally  some  ot   the  effects  seen  in  nature. 
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Although  the  naturu  of  the  aurora  bortalis  as  yet  is  httle  understood,  it  seems 
clear  that  magnetic  storms,  or  disturbances  of  the  earth's  magnetism,  are  due 
10  the  same  cause,  for  ihey  ahvays  occur  together.  There  are  many  points  of 
similarity  between  a  discliarge  of  electricity  through  tubes  of  rarefied  air  and 
the  auroral  phenomenon.  Franklin  explained  the  aurora  as  an  electric  dis- 
charge in  the  rarefied  atmosphere  of  the  upper  regions,  between  the  cold  air 
of  the  polar  regions  and  the  warmer  air  from  the  tropics.  The  rarefied  air 
IS  nearer  the  earth  at  the  poles  than  the  equator,  in  consequence  of  the 
earth's  motion  of  rotation,  and  theoarth  being  negatively  electrified,  negative 
electricity  will  flow  from  this  point,  directed  against  the  positively  electrified 
upper  layers  of  rarefied  air. 
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CHAPTER  III. 
THE  ELECTRIC  CUP  RENT. 

I. — INTROnUCTORY. 

When  the  charged  coatings  of  a  Leyden  jar  or  condenser  are  con- 
nected by  a  conductor  all  trace  of  electrification  speedily  disappears,  and 
the  Leyden  jar  or  condenser  is  discharged.  If  the  resistance  of  the 
conductor  used  be  not  sufficiently  low  to  cause  the  electrical  oscillations 
referred  to  on  page  98,  we  find  {see  p.  132)  that  this  conductor,  at  the 
moment  of  discharge,  exhibits  certain  thermal,  chemical,  and  magnetic 
efTects.  Assuming  the  phenomenon  of  electrification  to  be  due  to  the 
presence  of  an  excess  of  electricity,  regarded  as  a  fluid,  on  the  positively 
charged  surface  of  the  condenser,  there  being  an  equivalent  deficiency 
on  the  negatively  charged  surface,  then  it  is  natural  to  assume  further 
that  the  process  of  discharge  consists  of  the  flow  of  the  electric  fluid 
from  the  positively  charged  to  the  negatively  charged  surface  through 
the  connecting  conductor.  Such  a  flow,  whilst  it  lasted,  would  con- 
stitute a  true  current  of  electricity,  and  would  be  rightly  called  an 
"electric  current." 

The  justification  for  using  the  phrase,  however,  depends  more  largely 
upon  the  suppositions  made  regarding  the  nature  of  electrification  than 
on  direct  experiment  bearing  on  the  point,  for  we  know  that  the  medium 
surrounding  the  conductor  plays  a  very  active  part  in  the  phenomena 
connected  with  the  discharge,  and  that  these  are  far  from  being  confined 
to  the  conductor.  But  the  trrm  "eltrtric  current,"  and  the  other  forms 
roascquent  upon  its  use,  are  very  convenient  as  tending  to  conciseness  in  the 
description  ot  the  phenomena  and  in  many  necessary  calculations.  They 
aNo  find  some  further  justification  in  the  electronic  theory  "f  electricity, 
which  has  recently  In-eu  adviK-ated.  and  to  which  allu-ion  will  he  made  later. 
But  whether  theoretically  justifiable  or  not.  these  expressions  would  >till 
he  used,  being,  in  fact,  examples  of  the  persistence  of  terms  (t'./j.  "  latent 
heat  ")  founded  upon  obsolete  and  sometimes  exi)loded  theories  to  W  lound 
in  many  branches  of  physics.  Moreover,  the  so-called  electric  cuirent  in 
the  laws  which  govern  its  flow  offers  a  fairly  close  analogy,  in  luanv  re- 
spects, to  a  current  of  water  or  other  fluid,  especially  an  incompressible 
fluid,  passing  through  a  closed  iii]>e. 

This  analogy  is  very  useful  in  inculcating  clear  and  precise  quantitative 
idca.^  regarding  the  element.iry  laws  uf  current  flow,  but  great  care  has 
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to  be  exercised  that  it  is  not  pressed  too  far  and  that  the  very  similar 
terms  emnloycd  in  the  two  classes  of  phenomena  are  not  assumed  to 
connote  identical  instead  of  only  analogous  properties.  For  example, 
the  word  "  resistance "  is  used  both  electrically  and  hydraulically,  but 
with  a  widely  different  physical  meaning  in  the  two  cases. 

The  term  "  electric  current,"  in  the  present  state  of  our  knowledge, 
should  be  regarded  as  denoting  the  existence  of  a  state  of  things  in 
which  certain  definite  experimental  effects  are  produced,  for  some  of 
which  there  certainly  is  no  analogy  exhibited  in  ordinary  hydraulic 
currents.  The  most  important  of  these  effects,  especially  if  the  state  be 
steady,  are  the  thermal,  chemical,  and  magnetic  effects  to  which  we  have 
already  alluded,  and  it  is  rather  to  these  effects  than  to  any  imaginary, 
flow  of  a  supposititious  current  in  the  conductor  that  the  mind  of  the 
reader  should   be  directed. 

With  this  preliminary  caution,  which  should  never  be  lost  sight  of, 
we  shall  freely  use  familiar  words  and  expressions  connected  with  the 
flow  of  water  in  pipes,  and  thus  avoid  roundabout  and  cumbrous  phrases 
which,  though,  perhaps,  more  nearly  in  accord  with  our  present  know- 
ledge of  the  facts,  would  not  tend  to  clearness  or  conciseness.  We  shall 
also  make  free  use  of  the  hydraulic  analogy  without  further  comment 
except  when  important  limitations  may  have  to  be  pointed  out. 

The  three  most  important  effects  of  which  we  have  been  speaking; 
may  be  conveniently  recapitulated  here  in  a  somewhat  fuller  manner 
than  they  have  yet  been  referred  to.     They  are  as  foUo.vS  : — 

1.  The  Thermal  effect. — The  conductor  along  which  the  current  flows 

becomes  heated.  The  rise  of  temperature  may  be  small  or 
great  according  to  circumstances,  but  some  heat  is  always  pro- 
duced. 

2.  The  Magnetic  effect.— The  space  both  outside  and  inside  the  sub- 

stance of  the  conductor,  bu:  more  especially  the  former,  becomes 
a  "magnetic  field"  (see  p.  27),  in  which  delicately  pivoted  or 
suspended  magnetic  needles  will  take  up  definite  positions  and 
magnetic  materials  will  become  magnetised. 

3.  The    Chemical  effect.— If  the    conductor    be    a   liquid    which    is    a 

chemical  compound  of  a  certain  class  called  electnlytes,  the  liquid 
will  be  decomposed  ai  the  places  where  the  current  enters  and 
leaves  it. 

Conditions  for  tlie  Production  of  a  Current.— The  particular  experi- 
ment referred  to  above,  i.e.  the  discharge  of  a  condenser  or  Leyden  jar, 
is  interesting  historically  because  from  it,  or  from  practically  similar  cases, 
the  term  "  electric  current "  took  its  rise.  But  in  this  instance  the  effects 
which  we  now  associate  with  the  existence  of  a  current  are  transitory 
and,  with  ordinary  apparatus,  small  and  insignificant.  There  are,  however, 
methods  by  which  these  effects  can  be  produced  on  a  much  larger  scale 
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and  for  considerable  periods  of  ti.ne.  and   it   is  sueh  tnctlu.ds   of   produc 
lion  that  are  now   to  be  examined.  ■         .  ,„  i„i„n^     are 

To  proauce  a  steadv  llo-.v  of  water  .n  a  pipe  two  -^"'l'^';"''  ;^_« 
necessary.  Tl.ere  must  fir,l  be  available  a  hvdraubc  pressure,  or.  as  t 
r;:ch.^caUy  called,  a  "head-  of  water  produced  bv  punn.  or  a  d  «e. 
ence  of  level  or  otherwise.  Such  a  pressure  .s  produced  n.  .u,  .  .d,n  ry 
dwelling    house.    suppHed    froni    a   cistern    .n    the    t.p     s  orv        U  e 

difference  in  level  between  the  surface  ot  the  water  .n  t  -'  -  >^ 
the  tap  trom  which  the  water  is  ben.  drawn.  l!ut.  n  add,  ku  to  e 
pressuie.  there  mu,t  abo  be  h  su.table  path  or  channel  V^f^:^^,, 
Jater  to  flow  through,  or  there  w.ll  be  n..  tiow.  however  great  ^J^^^ 
.,uil  something  breaks  down  under  the  stram.  n  the  ca,e  u.t  ted 
although   there   is   h.ll    pressure    in    the    water    m     he    p.pe.    t  o 

current  of  water  as  long  a,  the  t.,p  reman.,  cl.ed.  / '-.  y"'"«  f^.  Jj 
tap  completes  the  necessary  path  ithe  greater  part  of  wh.Ut  uas  already 
in  existence)  and  the  water  (lows.  . 

r  .r    the    production   of   a    steady    electric    current    two    very   snn.lar 

conu ns  are  necessary.     We  nu.t  .Irst  of  all  have  a  stead, ly  numta.ned 

electric    pressure,    known  under     dillerent    aspects    as    an      e  eUromotne 
Wcr--  a  "poten  ial.d.fTerence,"  or   a   "voltage."      But    tins    ah.ne    ,s    not 
ul  kient.     We  must  have,  in  addition,  a  suuable  conductn,g  path  harmed 
1Z  certain  materials  which  expernnent  has  shown  to  ';-<;  ^  ^  ne>.essa^ry 
propert.es.      Any  break  in  this  path  occupied  by  ^^^  ■^';^  ^^ 
ike  the  closed  tap  in  the  analogous  case  above  mentioned    and  U  i.  only 
ien    all   such   br'eaks   hue   been    properly  bridged    bv  suUable    materia 
by  conductors,  that  the  effects  which  denote  the  low  o,   the  current 
w^U  begin    to    be    manifested.      Our    fir,t    concern   w.ll    therefore    be    to 
examine  h^w  these  two  conditio  ■       .n    be    .sat.sfied    in    pract.ce.    and    we 
shall  take  them  in  the  order  n-    ..  '•■ 

There   a.e   several   methods  •  ..ich    an   electromot.ve   force    or    an 

elecdc  potential-difference  can  be  .  .oduced.     Some  of  these  '-ve  air  ady 
betn  considered  in  the  preceding  -tum   but  the  methods  there  dealt  vvh 
are  not  adapted  to  the   product.on  of  electric   currents  on   a   targe   scale. 
The  electrc  pressures  so  produced  are  also  very  high,  but   the   quant,  y 
If  el Idc  tv  set  in  motion  .s.  in  most  ca,es  very  minute  ;  the  currents 
t;;j;;;,  are  small,   and  the  current    effects,  as   a   ruU^   nis^n.^an  J. 
consequence,   however,   of  the    high    pressures    we    have    brilliant    elects 
du     to  the  breaking  down  of  the  insulati.ig  or  non-conducting  rruu e  1  al . 
The    cases    are    analogous    to    the    existence    of    a    ^^^ ^^^^""^^[^^ 
pressure  in  a  very  narrow  pipe  containing  only  a  smal.  quati  .t     o.  wate  . 
No  large  current  is  possible,  because  there   is  not   enough  w.i  er.     Also  « 
Uie  pi,fe  be  burst    b  •  the  excessive  pressure  the  current  V^f^f^^ 
sma'  and   transitory,  because  of   the  rapid  ^l-'Pr-".--'!, "'  ^"l^:  j'^^;'^ 
however   high.     With   a   much   lower   pressure,  continually   renewed,   and 
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a  bigger  pipe  witli   a  plentiful  water  supply,  much  I.'.rger  and   more  lasting 
currents  arc  possible. 

Tliere  arc  three  chief  tketrical  methods  by  which  the  necessary 
pressures  can  be  produced  and  maintained  notwithstanding  the  tendency 
of  actual  currents  to  lower  the  pressure  producing  them  One  of  these, 
tile  chemical  method,  which  was  the  first  to  be  evolved,  is  intimately 
associated  with  the  chemical  effect  of  the  current.  The  other  two,  the 
thermal  and  magnetic  methods,  especially  the  former,  are  not  so  closely 
related  to  the  thermal  and  magnetic  effects,  though  in  the  last-named 
case  the  phenomena  are  sufficiently  interdependent  to  make  it  more 
convenient  to  postpone  the  consideration  of  this  method  of  producing  an 
electromotive  force  until  after  the  magnetic  efTects  have  been  expounded. 
We  shall  therefore,  for  the  present,  be  content  to  describe  onl)-  the 
chemical  and  therma'  melliods.  Later  on,  when  the  laws  and  effects  of 
the  current  have  been  more  fully  set  forth,  we  shall  deal  with  the 
magnetic  method,  which,  in  the  developments  of  the  last  thirty  jars, 
has  taken  a  predominant  position  as  a  method  for  the  economical  pro- 
duction of  the  widely  used  and  large  currents,  which  are  now  so  marked 
a  feature  in  electrical  science,  and  especially  in  those  branches  which  are 
more  particularly  devoted  to  the  service  of  man. 
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II. — THK    CHKMICAI.    PRODUCTION    OF    THK     ELECTRIC    CURRENT. 

In  the  historical  introduction  mention  has  been  made  of  the  almost 
contemporaneous  experiments  of  Galvani  and  V'olta,  which  form  chrono- 
logically the  st.irting  point  of  the  production  of  steady  electric  currents. 
The  experiments  of  these  two  savants  are  closely  related,  and  both  lead 
directly  to  the  same  method  of  producing  a  current. 

Galvani's  fuiul.T.ie;ital  experiment,  first  made  in  lyqo,  consisted  in 
attaching  one  end  of  a  metallic  conductor  to  the  crural  muscles  and  the 
other  enil  to  the  lumbar  nerves  of  a  freshly  killed  frog.  Violent  muscular 
contractions  resulted  which  he  considered  to  be  due  to  a  kind  of  Leyden 
jar  discharge  from  tlie  muscles,  the  nerves  acting  as  conductors.  Dis- 
charges from  a  small  Leyden  jar  through  the  limb  were  found  to  produce 
similar  contr.iclions. 

\'olta,  repeating  and  extending  (Jalvani's  experiments,  showed,  in  1793, 
thai  the  contractions  could  be  proiluced  "  by  metallic  touchings  of  two 
parts  of  a  nerve  only,  or  of  two  muscles,  or  even  of  diflferent  parts  of  one 
muscle  alone,"  but  that  in  these  cases  it  was  absolutely  necessary  that 
the  conducting  metallic  arc  should  consist  of  two  different  metals.  With 
the  theory  ol  Contact  Force  propour.ded  by  Volta  to  explain  his  experi- 
inent.-)  and  with  the  rival  theory  of  Chemical  Action  we  shall  deal  later  ; 
we  are  now  concerned  more  with  Volta's  further  work,  which  resulted 
in  the  invention  of  the  Voltaic  Pile. 
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From  the  experiment  with  two  diffe-cnt  metals  a.ul  the  smfile  musc^ 
Volta  proceeded  to  dispense  altogether  with  the  materuls  obt.a,.>ed  rom 
the  bodies  of  animals.  He  found  f.rst  that  the  muscular  f^^'^  '''l'' 
much  increased  bv  increasing  the  nun,ber  of  mctalhc  junctu-i.  n  the 
conducting  arc.  provided  these  bimetallic  pieces  ^^^  .^""V.  r'row,,  of 
liquid  conductors.  In  these  investigations  he  mventcd  the  ^f"^^"  °' 
Cups"  shown  in   Fig.  .2.,,  which   is  reproduced   fron.   one  of  h,s  p..pcrs. 


m.  in      nn   tn 


Fig.  no.— Void's  "Crown  of  Cupi. ' 

The  metallic  arcs  c  a  z  each  consisted  of  two  metals,  the  section  ca  being 
of  copper  and  the  section  a  7.  of  zinc.  They  were  placed,  as  shown  m 
the  glass  vessels,  which  contained  salt  water  and  ordniary  water  or  l>e. 
Into  each  vessel,  except  the  two  end  ones,  the  copper  end  of  one  arc 
and  the  zinc  end  of  the  next  were  introduced,  the  series,  however  long, 
ending  with  copper  dipping  into  the  terminal  vessel  at  «"«  ^nd  and  zmc 
into  that  at  the  other.  The  arrangement  is  almost  exactly  that  of  a 
modern  one-fluid  primary  battery,  and  Volta  found,  on  carrymg  wires 
from  the  terminal  vessels  to  his  test  muscle,  that  the  muscular  contract.oua 
became    more   violent   as   the   number  of   "cups"    in    the    "crown      was 

'"*^  The  Voltaic  Pile.— The  arrangement  was  made  much  more  compact  iu 
1800  by  abolishing  the  glass  vessels  and  substitut- 
ing for  them  pieces  of  textile  material  moistened 
with  the  necessary  liquid.  This  led  to  a  form  of 
battery  which,  on  account  of  its  shape,  Volta  called 
a  "  pile  •'  a  name  which  is  still  used  in  France  for 
the  Vol'taic  battery.  An  early  form  of  this  "  Voltaic 
Pile  "  is  shown  in  Fig.  130,  which  again  is  copied  from 
a  paper  by  Volt.  Its  metallic  parts  consist  of  discs 
C  of  copper  and  z  of  zinc.  These  are  built  up  m  a 
regular  sequence  with  discs  of  cardboard  moistened 

with   acidulated  water.      In  the   figure   the  bottom 

disc  is  of  copper,  on  which  is  placed  a  disc  of  zmc 

followed  by   a   moistened  card  and   another  disc  of 

copmr.      this  sequence  was  repeated  in  the  build- 

?ng  up  of  the  pil^  and   always  in  the  same  order,    r...  ...-Voiu.  r„. "  p.... 

namelv     zinc,    moistened    card,    copper,    the    zmc 

ahv^sbetrg  in  contact  with  the  lower   side  of  the  card  and  the  copper 

wrti^theTpper.    The  number  of  "elements"  consisting  of  zmc,  card,  and 
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copper  wliich  could  be  inlrodiKcd  iiuo  the  pile  was  only  limited  by 
mechanical  consideraticn,.  and  to  increase  the  stability  of  the  arrange- 
ment the  tour  supportint'  rods  m  of  non-conducting 
m.ilcrial  were  placed  at  the  side.  The  lowest  copper 
plate  was  connected  by  a  strip  of  copper  to  a  vessel 
of  acidulated  water  for  convenience  in  making  con- 
nections to  external  apparatu-,  and  wlicn  the  pile 
was  completed  the  uppc^nlo^t  di.-c  was  connected 
to  a   similar  vessel. 

A  mod-rn  form  of  the  Voltaic  Pile  is  shown  in 
Fig.  m.  'Ihe  changes  from  the  early  form  are  but 
slight.  The  "ur  suppuried  columns  have  been  re- 
ductil  to  ihr.e,  .;nd  the  terminal  vessels  of  acidulated 
water  have  been  replaced  by  binding  >Lrews  attached 
to  wires  soldered  to  the  lowermost  and  ujjpermost 
discs  respectively.  The  difference  of  potentials 
between  these  binding  screws  Cu.  and  Zn.  i^  found 
to  depend  directly  on  the  number  of  "  elements  "  in 
the  pile,  and  i^n  examination  with  a  sensitive  electro- 
scope it  will  be  found  that  the  binding  screw  Cu. 
at  the  copper  end  is  at  a  higher  potential  than  the 
binding  >crew  /n.  at  the  zinc  end.  Cu.  is  therefore 
positivelv  electrified  as  compared  with  Zn.,  which  is 
negatively  electrified.  On  connecting  these  by  a 
conducting  wire  a  current  slu)uld  flow  from  Cu.  to 
Zn.  as  in  the  case  of  the  discharge  of  the  plates  of 
a  Leyden  jar. 
There  is,  however,  one  fundamental  ditTerence  between  the  two 
experiments.      With    the    Leyden    jar    the    discharge     is    transitory    and 

practically  instanta- 
neous, all  Sign  of 
electrification  disap- 
pearing immediately. 
With  the  voltaic  pile 
the  current  continues 
to  flow  and  produce 
its  characteristic 
effects  for  a  long 
period  of  time,  the 
pile  causing  a  renewal 
of  the  positive  and  negative  electrifications  of  Cu.  and  Zn.  as  rapidly  as 
this  electrification  is  discharged  by  the  conductor.  If  the  conductor  be 
removed,  the  current,  of  course,  ceases,  but  an  e.xamination  of  the  Cu, 
and  Zn.  terminals  will  show  that  these  bodies  are  still  electrified. 


Fig.  131, .-Voltaic  rile. 
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Fig.  13.'.— Cruikshank's  lialtery. 


Early   Voltaic   Cells. 
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The  voltaic  pile,  or  "battery,"  as  we  call  it  in  En-land.  soo.i  unJcrwent 
many  alterations  :  Cruikshar.k,  lor  instance,  gave  it  the  torm  shown  ni  Mg.  i  J-, 
and  WoUaston  the  _^ 

form  shown  in  Fig. 
1 12.    Here  we  have 
a  return  to  Volta's 
earlier  torni  of  the 
"crown    of    cups'' 
in  the  f.ict  that  all 
the   couples    are 
contained   in    h  pa- 
rate    cells    (J    (/    of 
gl.iss    or   porcelain, 
which  hold  the  ex- 
citini;     fluid.        In 
eaLli    cell    of    Fi^'. 
13;  the  zinc  pl.ues 
z  z    are    kept   cen- 

trillv  adjusted  by  wooden  slips  between  the  \v^-- 
of  a'd<Hibled  copper  plate  bent  round  under  thcni  : 
and  the  whole  set  of  plates,  connected  by  strips  nt 
copper  /«,  beinsi  attached   to  the  wooden  Irame  K. 
can  at  pleasure  be  lifted  out  of  the   fluid,  and  the 
action   thus   stopped   without    emptying    the    celN. 
Ml  these  points,  modified  acco.din.i,'  to  the  construc- 
tion, are  retained   in  many  of  the  batteries  used  at 
the  present  day.    To  secure  a  large  surface  to  bolli 
plates   Hare    placed    large   copper   and   zinc   sheets 
to-ether,   separating    them   by   means   of    pieces   ot 
wood   and    rolling    them    into   a   cylindrical   shape. 
His  apparatus  is  known  as  Hare's  deflagrator.  tn.m 
the    nriking   heating  effects  it  can  produce  in  low 
re-i^LMice    circuits.     It  is  represented    in    Fig.    134. 
the    lower  part   of  the  figure    being  a   cross-section 
intended    to    show     how     the     copper     and     Kine 
sheets    are   rolled   into   a   spir.al   and    the   positions 
of   the    wooden    insulators.      The    feature    of    this 
method    of    construction    is    that    it    gives    a    cell 
with   a   very    low    internal    resistance,    the    advan- 
tanc    of    which  will   be   explained   presently.       i  He 
same   method,  with  the   same   object   m  view,  was  Secondary 

adopted  by  Faure  in  1881   for  the  early  forms  ot   the   Faure   becondary 

Cell. 


rig.  iji  — Hare'5  DcllAEiWr. 
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10. — THKOKIKS  OF   THE   VOLTAIC   CELL. 


Fig.  13- 


-Typical  VoU»ic 
Cell. 


The  simple  voltaic  cell,  of  which  those  above  described  are  modifications, 
is  represented  in  FIk-  13:.  It  consists,  as  we  have  already  seen,  of  a  plate 
of  copper  and  a  plate  of  zinc,  each  partially  immersed  in  the  acidulated 
water  in  the  containing  vessel.  When  these  plates  are  connected  by  a 
conducting  wire  outside  the  liquid,  a  current  flo\vs 
from  the  copi)er  plate  to  the  zinc  plate  through  this 
conductor.     Several  points  here  require  attention. 

In  the  first  place,  the  so  called  i/ircction  of  the 
current  depends  upon  our  theoretical  assumptions. 
The  assertion,  therefore,  that  it  flows  in  the  wire 
A  from  copper  to  zinc  is  to  be  rej^ardcd  purely  as  a 
convention,  which,  however,  has  the  great  advantage 
of  giving  precision  to  several  terms  which  would 
otherwise  remain  vague. 

Next,  if  the  conducting  wire  be  removed  and  the 
electrical  condition  of  the  two  metals  examined,  we 
find  that  the  zinc  end  not  immersed  is  negatively 
electrified,  and  the  dry  copper  end  positively  elec- 
triticd,  and  at  a  higher  potential  than  the  zinc  end. 
Hence,  when  the  circuit  is  completed  a  current  of 
electricitv  ilows  from  the  copper  to  the  zinc,  and 
the  above-mentioned  phenomena  are  manifested.  From  these  facts  we 
conclude  that  electricity  must  be  in  motion  not  only  through  the  con- 
necting wire,  but  also  between  the  immersed  ends  of  the  metals  in  the 
liquid.  For  the  current  dilVers  from  that  produc.  i  by  the  discharge  of 
two  oppositely  electrified  conductors,  in  that  it  is  nt)t  momentary  but 
continuous.  In  other  words,  electricity  continues  to  How  in  an  appar- 
ently inexhaustible  stream  from  the  copper  to  the  zinc  through  the  wire. 
Hut  there  is  no  evidence  of  its  accumulation  on  the  zinc,  therefore  it  must 
return  to  the  copper  by  the  only  other  conducting  path  available,  namely, 
the  liquid.  Hence,  when  the  plates  are  joined  by  a  wire  it  follows  that 
positive  electricity  flows  from  the  immersed  zinc  end  through  the  fluid 
to  the  copper  in  the  fluid.  Positive  electricitj-  flows,  then,  insuie  the  cell 
from  zinc  to  copper,  uutside  it  from  copper  to  zinc. 

Production  of  Potential-Difference.— Before  tlve  partially  immersed 
plates  are  connected  by  a  wire,  on  being  tested  by  an  electrometer  they 
are  found  to  have  a  difTerence  of  potential,  the  free  eiul  of  the  copper 
having  a  higher  potential  than  the  free  end  of  the  zinc.  Pushing  the 
investigation  still  further,  we  find  that  when  zinc  alone,  or  copper 
.lone,  is  immersed  in  the  dihite  acid,  there  is  a  dificrence  of  potential 
in  each  case  between  the  metal  and  the  acid,  the  metal  being  negatively 
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electrified  and  the  acid  positively.  These  differences  of  potcnt.al  are  not 
equal  in  the  two  cases,  and  the  final  result  obtained  in  the  voltaic  cell 
on  open  circuit  (that  is,  when  no  outside  conducting  wire  is  usetl  and 
no  current  is  flowing)  is  tlie  ditffrence  between  the  two  values  due  to  zinc 
and  copper  stparately  immersed.  . 

Generalising  still" further,  we  find  th.it  when  any  solid  is  immersed  m 
a  liquid  that  can  act  chemically  upon  it,  there  is  a  difference  of  electric 
potential  between  the  liquid  and  the  solid,  even  though  the  amount  of 
chemical  action  actually  taking  place  may  be  so  slight  as  almost  to  dc-^y 
detection  and  measurement.  Also  the  actual  polential-difference  may  be 
approximately  calculated  when  the  ener-y  values  ot  the  chemical  action 
arc  known.  In  fact,  this  electric  potential-difference  i.  probably  a  good, 
as  it  is  certainly  a  convenient,  method  of  measuring  quantitatively  the 
physical  entity  often  referred  to  by  chemists,  and  usually  in  the  vaguest 
manner,  as  chemical  affinity.  Since  the  values  change  as  a  rule  with  each 
change  of  metal  or  of  liquid,  we  see  that  to  obtain  a  voltaic  cell,  all  we 
have  to  do  is  to  vn,n:rse  tw,  ditfemit  conductors  in  a  liquid  that  can  a  t 

chemically  upon  at  least  one  of  them.  ,         i     . 

Energy  Transforinatlons.-Before   giving   any   of  the   actual    values 
of    the    potential-differences,   some    other    experimental    facts    should    be 
noticed.    When   a  voluiic  cell  is   sending   a  current   through  a  conductor 
lieat   is  generated   in    the  conductor.     Now   heat  is  one   of  the   forms  of 
energy,   and  the  estr.blishmen^    on  a  firm  basis  of  the  theory   of  the  co,,- 
sertation  of  energy  was  one   o!   the   triumphs  of  the   nineteenth   century. 
This   -''eory   asserts  that   energ>    tan    be   neither   created    nor    destroyed, 
thou         ^  can    take  many  forms,  and  that  whenever  a  quantity  of  energy 
is  gJn     aed  anywhere  an  exactly  equivalent   quantity,   probably   in   some 
other    i.rrn,    must   disappear   cither   there   or   elsewhere.     Whence    then 
comes  the   energy  which    furnishes  the  heat  generated  m  the  conductor. 
The    answer   is   that    it    is   furnished    by    the    dissolution    of  the   z,„c  in 
the   acid    for  it  will   be  found  that  as  the  current  flows  zinc  is  dissolved 
One    of    the    forms    of   energy    is    known    as    the    energy    of    chemica 
separation,  and  is  due   to  the  separation  of  bodies  which    are   capable   o 
combining  with  one  another.     The  most  familiar  example    is  that  of  coa 
and  the  <.xvgen  of  the  air.     Uncombined  these  bodies  represent  a  potential 
store  of  energy,  which  is  transformed  when  they  combine  mto  heat-energy, 
which  can  either  be  wasted  or  may  be  utilised  to  drive   our  steam  or  gas 
engines.     Similarly  with  zir.c   -nd  sulphuric  acid  :  uncombined  they  possess 
a  potential  store  of  ener^    whic!.,  when  they  are  allowed  to  combine,  is  set 
free  and  may  appca-   eilhc.   as  heat  in  the   vessel   in   which   combination 
occurs  or  as  electrical  energy  in  a  conducting  circuit.     In  the  latter  case 
it  may  be  wasted  as  heat  in  the  conductors,  or  may  be  utilised  by  methods 
which  will  appear  in   the  sequel.     Joule,  in   1845,  showed  that  for  every 
unit  of  heal  appearing  in  the  external  wire  or  of  work  done  va  the  external 
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mtity  of  eiuTj^v  disappeared  from  the  celt. 
■f  energy   in    a   charged 


tliat   the  two    factors 
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ircuit  tht. 


1.1  the  potential-difference  (v)  of  the  plates 
tors  are  the  quantity  (Q)  of  electricity 


lai 


lie  circuit  lne^e  .  . 

set'"in  motion  and  the  cle.ti.. motive  force  (k)  of  the  cell.  I  we  allow 
the  current  to  continue  ju*t  long  enough  for  a  unit  quantity  of  electricity 
to  pa.ss  anv  point  and  no  longer,  the  energy  spent  in  the  circuit  will  be 
numericallv  equal  to  the  .:.  M.  v.  Since  we  know  exactly  the  quantity  of  r.nc 
dissolved  during  the  passage  of  unit-quantity  of  electricity  (see  page  19'  », 
we  are  therefore  able  to  calculate  the  K.  M.  F.  in  the  circuit. 

The  results  of  the  calculation  are  given  in  the  following  tables,  in 
which  the  tir.t  colunni  contains  the  name  of  the  metal  referred  to.  The 
second  column  gives  the  weight  of  this  metal,  which  entering  into  com- 
bination evolves  the  heat  set  down  in  the  third  column.  The  re.asons  for 
selecting  these  particular  weights  are  that  they  are  the  rela/ue  weights 
which  enter  into  the  chemical  changes  with  which  we  are  dealing.  1  he 
numbers  in  the  third  column  are  the  amounts  of  energy  given  out  by  these 
chemical  changes  when  that  energy  is  all  allowed  to  appear  as  hei.t,  and  it 
must  be  borne  in  mind  that  the.^e  figures  are  the  results  of  purely  t/irrmal 
and  not  of  electrical  experiments.  The  numbers  in  tlie  fourth  co.umn 
are  the  electric  pressures  calculated  from  the  preceding  data.  They  are 
expressed  in  z  o//.f ,  a  unit  of  electric  prc^^ure  whose  value  we  shall  explain 

"  ^n  T.ible  I.  the  chemical  change  supposed  is  that  of  the  oxidation   of 


Tabif.  I. 


Hems  of   Oxipahon   and   F.i.RcrRic   Pressures   of  Various   Metals   i.n 


M.ignesium 
r<-t.i>sium 
Sodium 
Calcium 
Zinc  ... 
Tin     ... 
HyJrogen 
Iron    ... 
Lead  ... 
Copper 
Mercury 
Silver... 


Wtfi.; 


24  s 

raii^s 

78 

II 

ih 

II 

40 

It 

"5-5 

M 

59 

It 

2 

It 

56 

II 

6? 

•1 

200 

11 

216 

It 

Heal  of  OxiiL-ition 
in  Calories. 


143,900 
139,600 
135,600 
131,000 

85,Soo 
72,650 
68,400 
68,240 
50.300 
37,200 

20, 700 
5,900 


Electric  Pressures  in 
an  Oxidising  Mediunu 


3  '! 

295 

2-85 

I  86 

1-58 

1-56 

1-48 

I  09 

■81 

■45 

•3 


volts 


the  metal  named  in  the  t^rst  column,  and  the   resulting   heat   evolved  or 
the  electric  pressure  generated  is  given. 

Since  simple   oxidation  is  seldom  aUowed  to  occur  in  voltaic  cells  la 
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which    the  ultim..te  chemical  pnuluct  is  u>uaUv  a  mc-talhc  salt    Tables  II. 
and   III.    have  been  conipil'^J    U.  exhibit    the    t.t;ures   when    sulphal.ui.    or 

Table  II.-IIf.ai,»  ok  SuLP.iAnoN  an..  Ixkcir..-  i'Kr,,.!R.s  or  Various  MRfA.s  .N 

Si-iiiiATi:  11  Mkuia. 


Meul. 


Sulphalfil. 


IU..t  of  Suli.tia'i.^n  F If  trie  P"^'""  '"  ' 

„.Cal.,.i.«.  .Sulph«n,ij  Mcd.um. 


rotassiiiin 

Soiliiiiii 

Calcium 

Magni-.mm 

Zinc 

Iron 

Cobalt  

Nickel 

Lea.l 

HyJtogLMi      

Coppei 
Silver 

.    i  he  h..,..  s.v.n  ...  .ho.,  of  ».,— ^  ^2;"'--  -'  ">'  variou.  «*!«  (exc.p.  in  .h.  c«.  uf  l.«l  .u..  ,...). 
but  .!o  Zx  mclu,'.  .h.  h«l  of  forma..o„  of  SO;,  >.=  .3,3'"  "lor.cs). 

TAI.LE    1II.-IIF.ATS   OF  CHLORIDAT.ON    AN.,    E.F.CTR.C    rRRSS.-RF.S    OK  VVKIO,,,     Mf.TA.^ 

IN   Clll.'IRlI»lSIN''    MEI'IA. 


78  yr.ims           [ 

46 

40 

It 

...  1      24 

•t 

...  1       65-5 

•  > 

...       50 

1* 

...  1         bo 

i» 

...  !       y) 

ft 

207 

*» 

-» 

1* 

^>3 

,, 

210 

'• 

iiS.Too 
210,  Soo 
1 1 '),  3CX1 
I  »5.2<-^ 

IJ.J.JOO 

127,200 
126,100 
112,900 

I07,i)00 

(jul|  l""ir   J.  i.l) 

();,ioo 

59.500 


510  V.ilti 

4'»<5  .. 

478  ,. 

476  .. 

ilfi  .1 

28.S  ., 

27*'  ., 

2-4  .• 

241  .. 

134  » 

'■07  .• 

1  29  .f 


M>ul 


Potassiuin 

Sodium 

Calcium 

Magnesium 

Aluminium 

Zinc    . . . 

Iron    . . . 

Cob-ilt 

Nickel 

Tin     ... 

Hyi'.roficn 

Lea.l  ... 

Copper 

SUver  .. 

Mercury 


H.al  .if  Chloriilation 
in  t'.*Iories. 


199,800 

192,800 

187,200 

186,900 

158,500 

112,800 

100,000 

94,800 

93,700 

81,100 

78,600 

76,000 

62,700 

58,8.x) 

49,000 


FlKtric  Pif"\ire«  in  a 
ChloridisinK  .Mflimn. 


434    vol'.S 
419       .. 


407 

fl 

4'ob 

t* 

3'44 

tt 

2*45 

■  » 

2*17 

•> 

206 

»t 

204 

*» 

1-76 

*• 

i'7i 

*« 

r6s 

•1 

1-^6 

f* 

I-2S 

>• 

i-oS 

(t 

chloriclation  occur.  The  former  is  applic.tble  to  those  cells  in  which 
sulphuric  acid  or  a  sulphate  is  the  e.xcit.ng  h.iuid,  and  the  latter  to  those  in 
which  hydrochloric  acid  or  a  chloride  is  used. 

In  using  these  tables,  it  must  be  remembered  that  the  electric  pressure 
,_.,  ,,.  u%e  a  current  from  the  metal  into  the  liquid,  and  therefore  in 
a  simple  ceU  the  resultant  pressure  is  the  difference  between  the  pressures 
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developed  by  the  two  metals  in  the  liquid  employed.  Thus  in  the  coppcr- 
zinc-sulphuric  acid  cell  the  pressure  for  the  sulphation  of  zinc  is  y  \b  volts, 
and  that  for  the  sulplinliuii  of  copper  zoy  volts  ;  the  difference,  roi  volts, 
thus  calculated  from  thermal  experiments  only,  is  n<>t  far  from  the  observed 
electric  pressure  of  the  actual  cell. 

To  explain  these  phenomena  two  riv.il  theories  have  been  put  forward, 

an>l  have  been  the  subjects  of  nnich  discussion  for  over  a  century.    Av^  irding 

to  tlie  one  longest  maintained,  the  >,'eneration  of  electricity  is  to  be  expi.iined 

by  the  mere  contact  of  bodies  with    e.ich  other  ;  according  to   the   other, 

chemical  processes  are  the  cause  of  the  cK    trie  current. 

The    former   is   called    the   "  cont.ict "   tltcury,    and    has 

been    advocated     by    V'olta,    Gassiot,    Kelvin,    Hankel, 

Kohlr.iusch,  and    m.iny   others.      The    latter    is    called 

the  "chemical"    theory,  and   has   been   maintained   by 

Faraday,  I>e  I-a  Kive,  Kxner,  and  others. 

The  Contact  Theory.— The  contact  theory  was 
founded  on  VoU.i's  fundamental  experiment,  and  led 
to  the  scientific  war  that  r.^ged  towards  the  latter  end 
of  the  eighteenth  century  between  V'olta  and  Galvani 
and  their  followers,  (ialvani  attributed  the  motions  of 
the  fn  ,:;'s  leg  to  animal  electricity  ;  Volta,  on  the  con- 
trary, to  metallic  electricity — that  is,  to  electricity  gener- 
ated by  contact  of  two  metals.  According  to  this  idea, 
the  frog's  leg  is  but  a  sensitive  electroscope.  V'oltp.'s 
so-called  fuiuiamental  experiment  ni.ay  be  made  with 
his  cni:,!^.i>iiig  eieclroscope  (Fi,f,-  I3'').  For  this  purpose 
i'  uy.iy  I J  constructed  of  two  metal  discs  z  and  c,  of 
cine  and  copper  respectively,  c  being  attached  to  an 
insulating  glass  handle  and  z  to  the  insulated  rod  of  a 
gold  leaf  electroscDiK-.  If  the  disc  c  be  placed  on  Z 
and  then  lifted  olT,  the  gold  leaves  diverge,  and  on 
examination  are  louiid  to  be  positively  electritled.  To 
explain  this  we  must  remember  that  the  two  plates  when  close  together 
furin  an  air-condenser  of  great  capacity  ;  if,  therefore,  there  is  a  contact 
difTcience  of  poteiiti.al  between  c  and  z.  tl'"ugh  it  may  be  but  small  in 
anH)U!U,  the  plates  will  receive  large  charges.  On  separating  them  the 
capacity  falls  rapidlv,  the  jiotential-ditTerence  increases,  and  the  potential 
of  z  rises,  whilst  some  of  the  lines  of  force  pass  on  to  the  guKl  leaves  and 
cause  them  to  deflect. 

Similarly  copper  becomes  negatively  electrified  when  touched  with 
a  tin  or  iron  plate,  but  positively  electrified  when  touched  with  silver  or 
platinum.  It  has  been  foimd  that  whatever  metals  are  brought  into  contact 
with  each  other,  they  show,  when  separated,  opposite  electrifications  ;  during 
the  contact,  then,  a  force  must  be  called  into  play  which  causes  positive 


Fig.  136  — Volla'<  Con- 
(ien^ing  Electio&cope. 
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electrichv  to  na»s  over  fr..m  one  nKtal  to  tl.c  other.  This  electromotive  fore«. 
S;S  ".'nk.  .s  to  he  ..u«.U  .n  the  a.Ocrence  oMhe  ^--  "^^-;--- 
each  metal  possesses  lor  electric.ty.  Tlu.  nuUer  of  the  ■'-';'  ;";';\r^ 
two  electricities  postulated  bv  the  t«o-tiuul  theory,  ami  this  .tira.t.or 
dfferu  strength  according  to  the  kind  ot  electricity.  Eleciromot.ve  to  ce 
a;^^  ;.>e  same  manner  :;  molecular  forces  act-that  -.;;,~;-  '^ 
small   distances-whilst  the  electricities    mtluence   each    other    fron,    luutc 

distances.  ,  ,i  ,  nnuLT 
When  the  two  pl.ites  in  Volia's  expernnent  are  separate,  ,  the  copper 
plate  has  a  negative  and  the  zinc  plate  a  positive  electr.cal  ^^^  "^ 
mher  words,  the  plates  have  ..  dilTerence  ol  po.ent.al.  lo  F'^^^  ";'; 
it  really  is  ..,  Lord  KeKin  a,  -cd  the  Io11,.vm>«  experu-  -  Mth^  n 
apparatus  on  the  principle  of  his  .  .clrometer  ^Fi«.  \y).     i'       


Y\^,  ,3-  -Uiffertnt  rolcnlUli  in  1  'j  Mti.iU. 


Strip  a  which  wc  will  call  the  needle,  is  suspended  from  a  flexible  wire  in 
^j;,,,,  with  a  Levden  jar  K.  Under  the  needle,  two  1^-  (--  ;; 
Conner  the  other  of  zmc)  are  arranged  hon/.  nt.,:.->  so  ih...  ..ere  a  small 
dl'ance  betten  the  two,  tins  space  being  parallel  with  .1  c  ..eedle  when 
fnts  normal  position.  When  the  jar  is  highly  charged  the  -...aie  w.U 
have  a  high  potential,  and  influence  the  two  ,••-•  On  accounc  of  the 
svmmetcal  position  which  .  has  relatively  to  the  two  plates,  hey  w,  1 
haTtl  e  sanfe  potential,  and  attract  a  equally,  consequently  .  wtll  ren,a  n 
exactl  midway  between  the  plates.  If  now  we  connect  the  a  pper  pUue 
with  the  zin^  plate  by  means  of  a  wire  n,  the  needle,  ,1  pos.ttvely  electa  :ed 
kave  Us  posftion,  and  n,oves  towards  the  copper  plate,  thus  show.ng  that 
Ihe  copper  is  at  a  lower  potential  than  the  zinc,  and  therefore  th.t  the  zinc 
is  Dosilively  electrified  relatively  to  iVie  c--ppcr.  ..•.!,„ 

U  may  be  useful  to  point  out,  that  although  in  the  contact  series  the 
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c.mp^r  is  ncK.uivc  iM  ivlaiion  to  tlic  /iiu,  aiul  the  zinc  positive  in  re  ation 
to  tlie  copper,  v.t  v.x  tlie  vnliaic  .ell  repre-eiited  in  FiK-  LV^  «e-  call  t lie 
copper  the  po-uivc-  p..le  .in,l  the  zinc  the  nejiative  pole.  1  he  re.  jn  tor 
thi~  will  he  ^een  hv  hreakin-  the  copper  wire  jommj;  the  two  plates.  1  lie 
r.ririn  of  the  .lilRrciKe  ot  potential  will  he  at  the  junetio.i  ot  the  piece 
•M  wire  lot  in  the  /inc.  Thi-  wire  will  have  neRative  electricity,  while  the 
zinc  the  copper,  .iiul  the  copper  wire  on  the  rii;ht  will  have  poMtive. 
H.  iicc  positive  electricity,  accrainj;  to  the  contact  theory,  will  tlow  trum 
the  /mc  thn  uuh  the  li.|iiia  to  the  copper,  .md  Iroin  the  copper  lhrou«h  the 

''  '-^he  Chemical  Theory.- Thi-  iheorv  attrihutes  the  current  in  a  voltaic 
circuu  enurelv  to  ehenncal  ..ction.  aiul  place,  f.e  se.it  ot  the  K.  M.  K.  at  the 
pi  ,.e  or  pl,,ce~  where  cheniie.il  action  is  proceeain-.     It.s  advocates  point  to 
the  enevv  .!K.nL;es  to  which   we  have  alre.uiy  alliulea,  and  to  the  approxi- 
nnte    a.Mcen.en!     Ivtw....    the    eUaric    pressures    actually    ohlamea    with 
certa.n  co,nbin..i:ons  and   iho-e  c.ilcul.ited  tr.an   the   thermal   v,alues  ..t   the 
chemical  chan-es   involved.      Thev   al>o  inM^t   upon   the   aKieemeut  ot   the 
theorv  with   the  laws  ot   the  con>ervation   of  eliei-y,  an  aureement  which, 
thev'a-e.t     does  n<.t   hold   tor   the   rival   theory.      They  lay,  by   the  mere 
contact  ot  two  metals  no  work  is  done.      Hie  eiierj;\  ol  the  electrical  current 
would   he    generated    out    of   nothing,    which    is    impossible.     Whenever   a 
K.a-  uiic  aurent  is  ^'eiieraled   hv   immersing  dilVereiit   metals  m  a  tluid,  we 
^mnot  help  noticing  Mi.h  chemical  pr.cesses.     Bat  how  are  we  to  make 
Volt.r^  lundanieiital  experiiucut  agree  with  the  chemical  theory  .•'     W  e  must 
not  overlook  the  l.icts  that  the  mo.st  sensitive  apparatus  has  to  be  employed 
it    t!ie  experimeiil   is  at   all   lo  succeed;    that  at   the  Mut.ice  of  every  body 
gve-  condense,  and  that  this  laver  or  coating  of  gas  is  exceedingly  dilhcult 
to   remove       It   has   been   shown   experimentally   by  Kxiier   and  many  sub- 
seciuent  experimenters  that  the  ditTereiice  of  potentials  between  a  metal  and 
the  air  'hat   Mirround.:,   it   is  -Mv.portioiial  to  the   tendency  of  the  metal  to 
become  oxidi-ed  bv  the  air.     The  followers  of  the  chenucal  theory,  theretore. 
s  ,v  Volt  I's  fund.'Piental  experiment  has  nothing  to  do  wlh  two    aetals  m 
contact,  but  two  inet.ils  separ.ited  from  each  other  by  a  layer  ot  nuasture  or 
(,f  ,r,s      This  layer  although  -.nlv  very  thin,  is  sufficient  to  start  a  chemical 
■ict'ioi,  ami  the  thinness  of  it  accounts  for  the  scanty  amount  ot  electneilv 
cenerited   hv    this   .xoeriment.   which   on   this   view   is    due    to   the  surt.ice 
oxidation  ot'the  met-Iu.      Durmg  this  chemical  process  the  metal  becomes 
neuuivelv    the  oxide  l.uer  positiveK.  electritied,  and  the  latter,  being  an 
insulator,'  retains  its  ch.irge.     If  now  the  oxidised  plate  is  touched  with  a 
clem   metallic    plate,  the   I'ositive   electritic.ition   ol   the  oxide  layer  muuces 
electritic,.ti..n   on   the   cle.m    metal   plate.     Volta's  fundamental   experiment, 
according  to  this  explanation,   would   have  to  be   considered  an  induction 

phenomenon.  •       i        •   u. 

It  is  possible  that  up  to  a  certain  point  both  parlies  are  in  the  right. 
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The  process  mav  tal;c  place  In  >uJi  ,i  in.mnci  that  wl.eiKver  the  mcta'.s 
are  hr..u«ht  to  I.ukU  eaJi  ..the.  th.ir  elect!  kjI  poteiitiaN  are  tliaii.i;ed  : 
that  is  to  sav,  a  a.>:iiKt  >i..:ieal  coihhtu.n  i>  pLuhKe,!  wheiehv  no  kind 
ol  motion  is  required,  anvl  the  work  nece^.arv  t..  hiiiiK  the  two  h.^he-  .nto 
contact  with  each  other  is  Millicient  to  proiluce  tin-  vtatical  c..ii>lainn.  I  liis 
explanation  would  n..t  he  in  opp..-iti.Mi  to  the  I'.w  nt  con>er\aliMti  ot  energy. 
The  ilitTerence  ot  electrical  i)..tential  m  the  h.>>iie>  I'c.iiu-^  then  the  cause 
ot  a  chemical  process  which  i>  contHiu..u-.  lii  thi-  niaiiiKr  a  liHin«  electric 
current  may  he  produced.  Cause  and  etlev  t  now  stren;;then  eacli  other. 
just  as  durhig  combustion  tempcr.ituie  is  nicreased  hv  oxid.ition,  and  the 
higii  temperature  lacihlaies  oxid.ition.  .Motion  ot  electricitv  (that  is.  the 
electric  current)isdue.  then,  toachenii..il  process,  hut  tlie  o,  ii;mal  genera- 
tion ol  the  ditTereiice  ot  eiectiic.i;  potential  nuti.itive  ol  the  ciicmical  piocesS 
may  he  due  to  the  coiit.ict   ot   metals. 

"Volta'S  Contact  Law.— When  metals  dirterin-  tiotn  eidi  other  arc 
brought  into  contact,  we  obtain  ditlereiu  results  botii  .is  to  the  kind  ol 
electrification  as  well  as  the  difference  ot  i>otenlials.  Volta  toui-d  that 
iron,  when  in  contaC.  with  zinc,  becomes  nei;ativelv  electnlied  :  the  same 
takes  place,  but  somewh.it  veaker.  when  iron  is  touched  with  lead  or  tm. 
When,  however,  iron  is  touched  by  copi)er  or  silver,  it  becomes  positivelv 
electrified.  Volta.  Seebeck,  PlafT,  and  otiiers  have  investigated  the 
behaviour  of  maiiv  metals  and  allov-  when  in  coniaa  with  each  other. 
The  toll., wing  lists  are  s.i  arranged  that  th.«se  melaU  first  on  the  list  become 
positively  electrified  .vheii  touched  by  any  taking  rank  alter  them  : 


+  /,ilK 

lead 

tin 
iron 
copier 
silver 
golJ 

graphite 
—  mangane:ie  ore. 


/4t..)>./i>ii'/.'/'-a.''(l3i7). 

+  zinc 

ca'lnuiim 
tin 
Ic.kI 

tungsten 
iron 

bismuth 
a-itimony 
copper 
silver 
R.'ll 
ur.inium 
tfllunum 
j'l.uinum 
—  p.ill.i.lu.ni 


Vnlti  laid  down  a  law  regarding  the  p.^sition  of  the  metals  in  liis  table 
which  maybe  stated  as  follows;  Thr  liirieinur  (,t  l-.tcntial  hrtun-u  oin  t.in 
rr./iih  is  tqual  V,  the  mm  ot  th'.  Ji/f'i,)nri  uf  potnituiii  w  ail  the  int.r  meduite 

'ihcrs    of  tlie   icric:,  :    conseciueiitly,  it  is  immaterial  tor   the  tot.il  elTect 
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whether  the  firht  ami  the  last  are  brought  into  contact  directly,  or  whether 
the  contact  is  brousht  about  by  means  of  all  or  any  of  the  intermetiiate 
metals.  We  can  easily  see  this  from  the  numerical  values  which  Volta 
obtained.  If,  for  instance,  we  bil  ,'  silver  and  zinc  to  touch  each  other, 
we  obtain  the  difference  value  \z  if  now  we  place  upon  the  zinc  plate 
a  lead  plate,  then  tin,  iron,  copper,  and  linally  the  silver  plate,  we  obtani 
for  difference  values  5,  I,  ?,  2,  I,  the  sum  of  which  is  12.  Volta's  law  further 
asserts  that  when  any  number  of  metals  are  brouj-ht  into  contact  with  each 
other,  but  so  that  the  chain  closes  with  the  metal  with  which  it  wa~  begun, 
the  total  difference  must  be  nought.  We  t>btain  for  iinc,  lead,  tin,  iron,  and 
finally  zinc  the  following  valu-is  : 

l"or  zinc  and  lead  -f-  5 

„   lead  and  tin  +  i 

„   tin  and  iron  4-  3 

„   iron  and  zinc  -  9. 

The  sum  for  the  values  of  the  three  first  contacts  is  equal  to  +  <),  the  last 
value  is  -  q.  Hence  the  whole  sum  is  nought.  Vc'ia's  contact  law 
does  not  hold  when  an  acid  is  included  in  the  circuit,  there  being  then 
an  unbalanced  electromotive  force  which  gives  rise  to 
a  current. 

In  addition  to  the  contact  difference  of  potential  ob- 
served when  two  metals  are  in  contact,  Nobili  showed 
that  two  liquids  in  contact  also  develop  a  difference  of 
potential,  ami  Fechner,  Wild,  and  others  have  investi- 
gated the  subject  more  tl'oroui;hly.  Wild  in  his  e.xperi- 
aieiits  attached  two  glass  tubes  b  D  (Fig.  13S)  to  the 
bottom  of  a  little  wooden  bo.x  ;  the  glass  tubes  termi- 
n.ued  1;  copper  caps,  which  were  in  connection  with 
a  galvanometer.  Reforj  each  experiment  the  copper 
bottoms  of  the  glass  tulxs  h.id  to  be  carefully  ex- 
amined, to  sec  whether  they  would  not  generate  a 
current  when  in  coiU.n.t  ivilh  any  one  lluid — that  is, 
whether  they  were  perfectly  homogeneous ;  then 
liquid  /',  was  introduced  ;  after  that  liquid/,.  Care 
w.is  taken  not  to  mi.x  /',  with  /..  Finally,  liquid  A, 
was  introduced  under  the  >anvj  precautions.  With 
this  arrangement  a  marked  difftr^:nce  of  potential  wa^  easily  shown  by  a 
galvanomeler  placeJ  in  the  circuit  between  the  two  cop;ier  caps  or  terminals. 

IV.  —  liKVKI.OI'MINT   OK   TIIK    I'KlMAKY    H-I.l.. 

The  few  celK  .ilready  descr-.hcd  (pages  I4>  and  14  ^1  exhibit  serious  defects 
wlu-i  used  as  current  generators,  specially  if  tiie  <  urreiits  required  are 
heavy  ones.  Apart  Iroin  questHMiN  t,i  economy,  these  delects  are  traceable 
to  two  causes,  naiitely,/'//i/m<///o;;  and  local  mti'M. 


ViH.  ip  — Pi..,liicti<>n  of  an 
B,  M.  r.  by  I.iijuida  in  Cunla,.t. 
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Polarisation.— The  cause  ol  tliis  is  duo  to  one  of  the  fund:niK-m.il 
properties  ut  tlie  current,  «>.  the  chemical  elVect  referred  to  on  p-.^e  141 
\  simple  vohaic  cell  (Fi«.  1x5)  is  csseiUi.illv  ;.,i  ur,...i«emeiU  m  whicl.  this 
chemical  effect  muM  be  mauilcstcd.  The  Uquid  used  ...  at.  ekctrulyte. 
and  the  chemical  effect  must  appear  where  the  current  enters  and  leaves 
it.  As  we  shall  see  later,  if  we  pa>s  a  current  through  sulphuric  acid,  u-'ii- 
platinum  or  non-corrodible  plates  at  tlie  points  ot  enfy  and  emergence, 
oxygen  gas  will  be  liberated  at  the  place  where  the  current  enters  and 
hydrogen  gas  where  the  current  leaves. 

The  same  action  takes  place  in  a  voltaic  cell  when  the  circuit  is  closed. 
Where  the  current  enters,  at  the  zinc  plate,  o.xygen  is  tormed,  which  com- 
bines with  the  zinc,  forming  zinc  o.vide,  which  becomes  zmc  sulphate  in 
presence  of  the  sulphuric  acid.  At  the  coppe.  plate,  where  tl.e  current 
leaves,  hydrogen  is  formed,  but  as  this  element  does  n.n,  under  such  cir- 
cumstances, combine  with  copper,  it  simply  adheres  to  the  copper  plate, 
which  more  or  less  quickly  becomes  coated  with  it.  ,     ,    . 

The  result  is  tlvt  eventually,  instead  of  the  VH.lt.iic  couple  bemg  zmc 
and  copper  innnersed  in  sulphuric  acid,  it  becmes  zmc  and  hydrogen 
(the  copper  being  shielded  by  its  gaseous  coat),  and  an  examination  of 
Table  II.  will  show  that  the  h.  m.  k.  of  this  c.nbinati.n  of  materials  is 
0-K2  volts  as  against  roi  volts  lor  the  ^inccoppcr  couple.  Con.^e- 
quently  the  current  rapidly  falls  off.  an  effect  which  is  increased  by 
the  fact  that  the  presence  of  the  hydrogen  also  incre.ises  the  resistance 
of  the  circuit,  a  physical  quantity  the  meaning  of  which   we   have   yet  to 

""^Various  method,  have  been  devised  for  elimin.Uing,  or  at  least  minimising 
these  injurious  effects.     It  is  obvious  that  if  the  hvdr..gen  can  be  remc.ve. 
as  quickly  as  it  is  formed,  or,  better  still,  if  its  lormation  can  be   avided 
altogether,  the  k.  m.  F.  will  not  fall  off. 

The  actu,.l  remov.d  of  the  hydrogen  is  sometimes  attempted  by  mechan- 
ically brushing  it  off  with  bru>hes  -r  some  other  device  by  which  the 
surface  of  the  negative  (or  cpper)  phite  is  being  continually  rubbed,  and 
thus  the  accumulation  of  the  gas  is  prevented.  In  1H40  ^"Ke,  who.e 
battery  is  still  used  (or  small  electroplating  work,  attained  tne  dcMrtd  enu 
fa.rlv  well  by  substituting  a  pl.ite  of  platinised  silver  (sdver  cMt.d  with 
platinum  black)  for  the  copper  plate.  Kither  .iuing  to  the  olcIumo,,  of  th^ 
hvdro>nn  by  the  platinum,  or  pvrhaps  on  .iccnunl  ut  the  mechaiikal  rough- 
ness of  the  surface,  this  cell  doc,  not  polarise  nearly  so  rapidly  as  an  ordinary 
zinc-copper  cell.  An  early  lorm  ot  such  a  cell  is  shown  in  Fig.  ix,.  in  which 
the  platinised  silver  plate  Ag.  is  clamncd  between,  but  well  in.sulated  from, 
two  heavy  zinc  plates  Zn.  I'mper  terminals  are  provided,  an.l  the  pl.iles  are 
immersed  in  a  gl.iss  vessel  containing  dilute  sulphuric  acid.  'I  lie  vessel  is 
•Miicli  deeper  than  the  plates,  so  that  the  zinc  sulphate  formed  m.iv  tall  to 
the  bolto-T.     In  Fig.  140  10  =hown  a  battery  o!  six  ,uc!i  cells  joined  up   ui 


u.i^cjKXiTy  yv  juE  i^BKn^t  of  J/^x 


Smrf'^  I'ell- 


— Smet's  Battery. 


The  »icJ...ni.al  metluul  nf  ,cnuA>n«  the  a.p.»itcd  hvtlro.^.M,  is  certainly 
irvulc  .u.a  i^  tlKrcl..rc  .cKloin  u^c,l  A  .iukI.  better  inctli<.d  i-  the  chemical 
„Rlh.Hl  the  n.ilKiple  of  wliieh  i^  t-  MMr,.uiul  the  lu-at.ve  element  (»  ^.  the 
c.npen  with,.  subst.iiKc  rich  in  ..NV.uen,  held  hi:t  looselv  in  c..mh,nation 
,:u!  w,th  whKh  tlieretoie  it  reaa.lv  jurt^.  This  uxv^en,  it  in  suiric.ent 
uuantu  V,  attaek^  the  liydroRen  at  the  nu.nieiit  .-I  it*  t.>rmation-tliat  is,  when 
,,  is  ,„n,  ,7;/-ai.d  oxidi.es  it  to  water,  in  whiJi  torm  it  is  harmless.  The 
substaiues  are  ki«.wn  as  ,ie/.olarisen,  and  the  t.ne.  m..>t  o-mmolilv  used 
a.e  nitri.  a.ui,  chromic  acid  (nsuallv  as  obtained  trom  biehroniale  ot  potash), 
and  peroxide  of  maiiRanese.  The  first  two  named  have  the  disadvantaRe 
that  thev  .Aidise  zmc,  if  thev  are  allowed  to  come  into  contact  w.tlt  it, 
even  tli..u..li  li-  current  be  passing,  and  therelore  it  is  necessary  to  separate 
the  7UK  Horn  the  del  .lariser  either  ^>'  l'^''^'"«  "  '"  ^  ^^■P'"''''^  ^•^'^*^''  ''' 
bv  rein-Miip  it   trom  the  liquid  when  the  cell  is  not  m  u-e 

■  Nitric  Acid  Cells.- ^>"r/.v  C,//-One  ot  the  earliest  ot  the  celN  of  tins 
da^.  ua.  -levi^ed  in  1  s  ^o  bv  Sir  William  (irove,  M..sler  of  the  Mint  An 
eiriv  U.rni  ol  (in.ve's  cell  is  shown  in  Fif-s.  14.  and  14-.  ll  ■ -nsists  of  two 
vcsvcK  one  with..,  the  other,  and  two  aculs  resp.ctivelv  surrounding  the  two 
metal  ;  iates.  Tlu  outer  vessel,  in  which  the  zinc  plate  is  placed,  is  usually 
made  ot  kLi-  i-.  .lain,  or  an  .u.d-re-.-tini;  composition.  In....lc  this  zinc 
nl.-itec-iie^  the  po,,,us  pot  which  hold,  tile  pl.Uinum  plate,  bent  m  the  shape 
of  all  S       rSic^c   po 


U'.cd   in   primary 


.us  pots,  m.ide  of  unj;la/ed  earthenware,  are  largely 
ells  Thev  me.h.imcally  separate  the  liquids  inside  and 
•  Kor  the  n.^fininj-  o(  lliis  term  we  (lage  iS| 


!    i 


Nitric  Acid   Cuts. 


I '.I 


outside  from  one  another  whilst  allowing  the  electric  current  to  (low 
along  connecting  lil.uneius  ..I  lujuid  in  tlie  capillary  pa=^.iges  with  which 
they  are  permeated.  The  fjlass 
vosel  is  filled  with  diluted  H,S(  )j, 
and  the  porous'  pot  with  concen- 
trated HNO3.  When  the  ballerv 
is  in  action,  water  is  decoinpo>ed 
and  the  hydrogen,  reaching  the 
nitric  acid  (HN(\)  through  the 
porous  pot,  takes  up  some  ot 
its  oxygen  to  form  water. 

The  chemical  change  in.iv  he 
expressed  by  one  or  other  oi  the 
I  Uowing  equations,  starting  with 
two  molecules  of  nitric  acid  : 

illN'O,  +  3Hi  =  4H.,0+  2NO; 

or  2nis:o3  +  2H3  =  211,0  + 

2HN'(\,. 

In  the  second  case  the  illNO., 
breaks  u[)  into 

H,()    +    NO    +    NO,;    i.e.  water    +    nitric    "xule    +    nitric  peroxide. 

The  nitric  oxide  lorms  red  tunic-  when  it  ei>ine>  into  contact  with 
common  air.  Zinc  sulphate  is  forme  1  in  the  ■■iilei  vessel,  hut  the  w.iter 
and  nitric  oxidea  remain  in  the  1)mi.ui>  ves-el  The  action  ot  the  cell 
remains  constant  onlv  so  long  as  there  is  uiuleeiuipi'^ed  nitiic  acid  in 
contact  with  the  platinum  plate.  The  disadvaiitatic^  ot  this 
cell  are  the  nitrous  fumes  and   the   high   piice  ol   pl.it inum.        ||^^^ 

The  cell  illustr.ited  w.i-  uhini.itelv  ve;>l.ieed  bv  a  much 
more  compact  form,  in  which  both  the  ..uter  ve--el  >na  the 
porous  pot  took  narrow  Hat  shape-,  .iml  the  /inc  was  bent 
into  the  shape  shown  in  Fig,  14  .  verv  simil.ir  to  tli  !'  u-ed 
in  Woll.iston's  batterv  (Kig.  I.V).  The  S -haped  pl.itiniini  w.i? 
repl.iced  by  a  thin  ti.it  strip  which  luinf;  d..un  in-idt  the 
porous  pot.  which  in  it-  turn   wis 


Fig.  14;.  — A  ('.rove's  CelL 


g    i<  .— Tlie  PUlinom. 


il.ueil  in  the  bend  ot  I  lie 
zinc.  The  liipiids  u-ed  were  lh<-  same  .1-  in  the  otij^md 
term.  A  battery  of  eight  such  >elK  as  set  up  by  Me--rs. 
iJrillin   &   Sons  is  shown   ni    l-'ii;.    U'- 

BuuM-ns  r,'//.  —  The  ahn.>st  proliibitive  cost  of  the  platinum 
pl.ites  in  the  drove  cell  led  to  the  invcnti<'n  of  the  I!un-en  cell,  111  which 
the  i)l.itiiuHn  was  replaced  bv  hard  retort  carl)oii,  the  ..tlur  in  iicnal'* 
rem.iining  the  same.  I'ig.  14-  represents  the  form  which  i>  given  to  the 
cell  when  it  is  intended  to  be  joined  up  with  other  cells  to  I'Min  a  battery. 
The  carbon  plate,  surrounded  by  nitric  acid,  is  pi  iceii   in  the   pon.us   pot, 

11 
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.  in  tlu-  outer  vessel.    The  great 

whilst  the  zinc  niul  llic  s.ilpluinc  acl  arc   in  Uic  generation   ol 

nun.cn    cell  is,  as  i.i   the  Or.ne  cell,  the  Re    _ 


objection  to  tiie 
noxious   funics.     In   spite 


Z  Sis    hilwevcr,   it   has   been   very   frcqu 


entlv 


1  IB-  I4l.-l!*t'«'y  of  ('■fO«'«  <-"«■'•• 

small    r-!sistancc.      i  nc   u  ^^^^^^_  ,;,,),  owinj;  to  the  chemical 

changes  the  tUr.as  uiulcrRo.      To 
diminish  the  resistance  and  volume 
ot  the  acids  required,  and  also  to 
s.ive  space,  the  Bunsen,  as  well  as 
the    Grove    cell,    h.is    been    con- 
structed of  plates  arr.iiiged  in  rect- 
.mgular  vessels.     As  the  zinc  and 
carbon    plates   may   be   l.iid    very 
close  to  each  o' her,  the  resistance 
may  be  diminished  to  about  0060 
,.lim.      Rousse  substituted  a  lead 
cyliniler  for  the  zinc  cylinder,  an-i 
Maiche  an  iron  cylinder,  which  he 
placed    in    water    acidulated    with 
nitric  acid   li   part  in    100).     This 
arringemciit   causes   greater    con- 
slaiicv  and  diminishes  the  e\.'lu- 


K,^.  14^.   -A   l;uli**'n  Cell. 


1    ,      ^,..    fb..  K    M    F   to  o-s;  of  a  volt.     Several  inventors 

;;;:;vi:^:j;;;;vC;:a 'h^pi-.:.:  bv  iron.but  auvavs  at  t,.  sacr.ce 

'"  S..Sci.rn:;d:-usc  of ......  ,o.  ana  a  ii^.-7;--"^,;\;;;;; 

,«r^   o.   coiKciitrated    nitric    acid   .md   one    part    of    ^I^P'--    ;-'■  ,^  ^ 

-  -•;;:■-:■  ir  Zti  ^.:'S^:^t:\^:^J::::^ 

Tt:   ;l;:m    nine    icid,    it    prclnts     the    latter     ^-n    l^^-K    -o 
diluted,   winch    IS   important   on   account  ot    the    action    o.  dilute    acui 


B/CffKO.VATE    CttLS. 
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Fit.  14'-    Ti.»  r.r, 
or   H..^k   l«ll. 


tlu-  iron.  Bv  ii-iii«  o>i\ientr.itecl  nitric  aciil,  iron  becomes  whit  is  ciUcil 
"passive."  In  this  condition  alone  can  it  be  utili^c^.l  in  a  H^'lvanic  cell; 
when  the  aciil  is  iliiutcd  bevond  a  certain  limit,  the  iron  is  acted  iii>oii. 

Chromic  Acid   or  Bichromate  Cells.    Chromic    acid,  which  parts 

easily  with  a  large  proportion  of  its  o.xyKcn,  is  another 
of  tiie  fluids  which,  m  )re  or  less,  prevent  polarisation. 
VVarrin>;ton  fii>t  used  chromic  acid  with  electrodes  ot 
platinum  and  zinc,  tormin<;  a  kind  ol  llrove  cell  in 
which  the  nitric  acid  was  rei>laccil  by  chromic  acid. 
For  carbon-zinc  cells,  Bunseii,  l.ae-oii,  and  l'on,i;eiKl..i  IT 
have  al^o  used  chromic  acid,  or  mixtures  which  produce 
it.  I'or  this  purpose  potassmin  bichromate,  sulphuric 
acid,  and  water  are  useil,  when  pota>Muni  sulph.re  i-, 
formed  and  chromic  acid  set  free.  The  nilpbiuic  .ici  ' 
not  onlv  combines  with  the  pota-Mum  and  sets  tr.-e  ••' 
chroiric  acid,  but  aKo  dissolves  the  zinc,  theretorc  it 
much  sulphuric  acid  be  added,  the  zinc  will  be  disx.lved 
when  the  cell  is  not  sending  a  current. 

The  Bichrnmatc  Bottle  GV/.— Cirenet's  bichromate  cell 
(Fig.  14')  l>'ts  bichromate  of  potash  added  to  sulphuric 
acid  The  cell  is  usually  of  a  Ha>k  or  bottle  .h.ipe 
The  zinc  plate  f.  is  in  the  midc!'e,  and  a  pi'.i:  ot  cr-.o,,  plates  K  K.  one 
on  each  side  ot  the  zinc,  are  joined  at  the  fp  .md  con^'.tute  the  poMtive 
pole.  The  zinc  i)l.ile  /  i-  att.iched  to  a  r.ul  ,j,  bv 
which  it  can  ic  lifte^l  out  ot  the  >.>lution  wIku  the 
icll  i-  not  in  u^e.  This  i^  iuces>ar\  lor  the  rea-oii 
just  Riven,  namely,  th.it  the  solution  acts  on  the  zinc 
even   when   the   circuit    is  broken. 

The  Fullir  f>//.— The  Fuller  cell,  wliich  i>  ,i  con 
veiiieiit    cell    for     l.iboritory    u>e    .md    ha>    also    been 
e.\len^ively    used   bv    tlic    Kn;;li-h  Tele'..;rarh    Depirt- 
meiit   since    1><7I,  i-'    i  chromic   acid  oil  ;  it  is  repre- 
sented in  Fig.   14,,  in  which  /  i^  the  zinc  electrode, 
whicli  is  in  the   shape   ot  a   rod  ll.ittened  at   the  eiui 
c.i-   att.iclud  t..  a  pvramidal  foot.      Tins  rod  is  pl.iced 
in    .1    poi.iiH    ve>scl,    .lud    in    order    to   have    it    well 
amalg.miated,  about  30  grammes  (or  about  one  ounce) 
ot   mercurv   are  placed  in  the  e.irtb.eiiw.ire  pot.      The 
carbon  pl.ite  a  i>  out-ide  tile  porous  dia|)!irai;ni,   and    i-    t.   niches   Ion-    bv 
1   inilio  \Md.-.       The    p-f.u;,  pot    coniaining    the    /in.    n,d    i>   i>l.i^i  i   m   a 
Ml,,..  „r   earthenware    s.- ci,   which    is  tilled    to    within    two  mcbe.    ol    the 
top  with  a  solution  ol  'lo  gr.unnie.  (.;  ounce)  <it  bichromate  ot    poush   lu 
one   part   iM    sulphuric    icid  .md   nuie    parl>  ol    water.       The    upper  p.irt   of 
the  lud   IS    covered  with   wax.     Water   only    is    pourt.i   uii  the  mercury   ni 


tig.    i4-.-Fuiler%   r.iUTit 
M«t.uiv  l;n.hronuite  Cell. 


^.  *.Jkt  RS3<WT9^iftJ'.'KS' 


r.t.icrRKin-  /.v  TUB  SKRyiCH  of  Ma.v. 


t64 

u      •  11       Tt,i^   cull   nr.uliKCs    twice    the    electromotive    force   of    a 

tion    ol    the    "-cury     .     1^«   «^;';'     ,,^,        ,„,,  „,,  „u,  bichromate  torm 

hrlctcinuiishccl    but    it.   cor,stancy  is   to  a  great  extent   insured.       1  h. 

l.UKLlN   inmmi  lie  charced    and    tlie    jells  connected)  commences 

:fr    ;  1.  'L  :   n?r:;,d!^f  maximnm  in  the  course  of  a  few  ..our. 

almoa  imii.eai.uc  3,  ^^^^    ^^^  ordinary  working  circuit  no  e.xtra  ervstaU 

will  be  required  for  a  period  of  six  months, 
after  the  battery  is  once  set  up;  nor,  indeed, 
so  lung  as  t'-e  bichromate  solution  remains  of  an 
orange  ci  ...  <>:ily  when  it  begins  to  assume 
a  blue  ti   •    -r.  hI  crystals  be  added  to  it. 

The  electromotive  force  of  the  c(mibination 
,s  equal  to  about  2  volts  ;  the  internal  resistance, 
by  varying  the  thickness  of  the  porous  vessel  and 
the  strength  of  the  solution,  may  be  made  to 
viiv  from  o  ;  of  an  ohm  up  to  4  ohms,  accord- 
ing' to  the  work  wliich  the  battery  is  called  upon 
to  perform.  . 

Manganese   Dioxide  Cells. -A  dcpolanser 

which  has,  perhaps,  been  more  extensively  used 
than  any  other  is  the  mineral  pyiolusite,  which 
chemic.illy  is  a  dioxide  of  manganese  (MnO.).  De 
La  Kue  recommended  its  use,  but  the  idea  was 

nr-,aically  worked  out  by  Leclinche,  who  devoted  many  y;^^'^^'^^^''^'^''^. 

fie      •     which  is  known  by  his  name.      It   is,  without  doubt,  due  to     he 

«-  eare  with  --; -- ^^  n:::^;;  ;^1;:  o^w;!^  :^r;.r  "^ 

«^lS:;^^S:^:e^U:  forms  of  this  cell  wliich  h.  been  v.ry 

:::t::i'i:r-:';^z:r::^^^^:  :s::r  ti-s^^^n-:  w^^: 

four-suite    '■'  "         P  ^  ^_,,,  uie  space  is  more  com- 

d'uh  uUl.s  V  '  .e  gbs  vessel  contains  a  porous  cell  of  cyl.ndric.l  shape. 
S^I  in  r  of  whicfi  is  such  as  almost  to  fill  the  sp.ice  in  the  ghs, 
.ise  so  s  to  prevent  the  evaporation  of  the  fiu.d  as  much  as  possible. 
The  fuiKt  on  of'this  porous  cell  is  not,  as  in  those  previous  y  described 
vo  luiuulOnit  Minplv  act  as  a  mechanical  support  for  the  solid 
"  S;;  :  o  a;:g  Ihe  carJ-n  plate.  The  .inc  rod  is  placed  as  shown 
m  le  fiuur.  The  porous  cell  contains  a  carbon  block  surrounded  by 
"  m  tn  c  o  "sn^all  pieces  of  carbon  and  manganese  dioxide,  the  top  being 
o  ered  wUh   pitch' leaving  one  small  hole  so  as  to  allow   a.r  and  gas  to 


.1 /.cla.icli^s  Cell. 
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pass    tlirouRh.     Tin'   gl.i>s    vtsstl    is    lull    t'lllf.l    with    a    -troiip   sohition    o( 
aiiiiii'iiiium    t'hliiriilc    (sal-.iiiinioiii.it).     A    liiiliii    cip   Liiryint;   ,i    bin  lini; 
siTL-w   is  attachcil  to  the  top  of  the  hli>ck    >l  c.iiin.:'   in  oniir  to  nht.iiii  .1 
Ri>i<i!  cont.Kt.     The  zinc   mil  oiij;lit  to  be   luitlier  c.i>t   nor   wiouulit,   but 
dr.iwTi    out  ;    the    rea-on    Iit    tl.i^    lies    in    the    ilitVetent     pro[)eiIii^    c)l    the 
thne    kind-.      Throuj^li     ci^ting    zinc     boiroines    er\>t.illini',    brittle,    an.l 
not     lidinoi'cnei  us    in    structure.      l^wint;    to    the  porous,    crystalline    cn- 
dition,    til'     zinc    surface    would    \v    iiiniei'r".nilv    incre.ised,    whiih    would 
li.i-tiii    the   solution    ot    the    zinc,    In-ides,   cast    zinc    is   seldom    pi'''-,    but 
contains  small   ijuantitics  of  manv  other   metals,  such  as  le.id,  etc.      It  will 
be  shown  presently  th.it   these   metals  lorm  minute  jjalv.mic  coujiU  ^  with 
tile  zinc  as  soon  as  it    is  dipped   into   a    Ihiid,  aiul   thus  consiiler.ibly    aid 
the    u-eless  solution  of  the   zinc.     Wrought    zinc   would    have    lu.iilv    the 
s  line  properties,   althouj;h   zinc,   when   wrought,   has    to   be   purer    to   -t.iiul 
the    process;    however,    the    best    miteri.il    is    zinc   which    has  been    di.iwn 
out.      l-ec!anch^   u^es   .imalj;amated    zinc    rod-,    so    as  to   obtain    ,1    uiiitorm 
wearini^-out   of  the   electrode.     If   the   we.ir   be   not    unilorin,    rouj;lt    pl.ici- 
will    be    prcxiuced    which    will    facilit.ite    the    formation     of    cryst.il-,    .nid 
not    onl^■    increase    the    resistance    of    the    cell-,    but    also    diminish     the 
surfi'.e    o!     the    electrode.     The    ne^.ttive    cirbon    electrode,    too,    requires 
atteiuion    vvitli    ref;ard    to   certain   conditions.     For  tilling   the  porou-   (I'l 
every   manganese   ore  cannot    be  used,  but  only  that  modification  known 
under  the  n.inu'  *'t  ])vrolu-ite.     Both  the  carbui  and  pyrolusite  ouulit   to 
he    rough-grained,    but    polari-ation    is    avoided    be-t    by    u>ing    big    gram- 
oi      irhoii  and  powdered   pvroie.site,  because  then  the  hydrogen  nuets  the 
p\rolu-ite    at    every  point    pol.iri-ed.   which   is    not    always  the    c.i~i     when 
large   gr.iiiis  are   u^ed.     Gicater   1:.    M.    v.    is,    however,   obtained    bv    u-ing 
gr.mied  and  not  powdered  iiyrolusite.     The  solution  of  amnioiMum  v.hlori.!e 
I-  concentrated,   because   bv    its    use   the   resistance   is   dimini.-lied.    .iiul    a 
CMccntrated  solution   is  belter  aliie  to   lake   up  the   -ilts  produced   during 
the    use    of   the  cell,    and    to    prevent    the    -rpiration    of   the    >alt-  ,1;    the 
electrodes,  and  consequent  we.Tkening  of  the  current. 

The  change  that  lake-  place  is  as  follow-:  The  zinc,  sil-aiiiinoiii.ic, 
:ind  p-.rolu-ite  are  clungcd  into  zinc  cliloride,  w.iter,  .uid  .miinoiiia.  .iiid 
an  oxide  ol  mang.uie-e  less  rich  in  oxygen.  Zn,  iNlI^Cl,  .:.Mii(  )^  are 
changed  into  ZnCl,,  Hf)  +  2NH3,  Mn.Oj. 

This  form  of  the  ci^U  i-  ii-nally  con  .mctcd  in  three  (iuti  i.  ut  -i/>  -.  the 
-■.|>io.\imato  dimension;  and  particulars  of  which  ,iro  given  in  thr  lo'- 
,  iwing  t  iMt  :  — 
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.„  Utc   cell   i>  o,n.ac,ahlv    ■--;^:'-.:;\^":      pressed  cl-.se  together, 

because    the    lluul    --'-;;  ^j^;;,,,;;',  aiaphra«n.  hv  alte,u.«  the  ca,bo„ 
cKvtnKle.     In  order  t-.  chtain  a  e..mpact  n,a~^.  «um 
U  a,iae.l  tM  the  .nixture.  which  is  heated  ...  ,00    t. 
un-ler  a  pressure  ..t  ;oo  at.n.-M.heres.     S,h.    hW^-, 
r,.,wn  as  agKl...neratc  bl..cks.  are  pn-duccl  .n    h  , 
n,a,mer.c..nM,tin«  ..f  40  part*  pyroluMte.  ,-     a  t* 
carh..,,.  =  parts  uu.n.  and  3  parts  p...asMU,>,  h.su^- 
nhile.     "Tlie  latter  tacilitales  the  s.-luti.-n    ut    the 
L.C     salts    winch    e.uer    the    ,>..res        Leclanch^ 
fastened  the   carbon   ].l..'c   to    these   by   naan^  of 
ca..ntchoucrin«>,as.l.  .M.  inlMU    .4'-      >'  "^-^- 
s.rv   -.he    reduction  ..t    the  resistance   nuv  be    in- 
"creased    bv    usinR    several    blocks   su,  ...u.ulntR    a 
thick  p..lv«onal   carb..n   r.-d.      '1  he   /n,.   electrode 
consists  ..I  a  zinc  rod  held  in  positi..n  by  caoutchouc 
rin«s  and  separated  from  the  carb.-n   by  m.an^  of 
,   .ticce  ..f  w....d.      The  disa.lvanta«e  of  this  t.-nn 
blocks  sL.wly  diMntej;rale  and  eventually  crun.bk 


l.ctUntlK-.  till 


i,  that   the  ajJuli-nieiMtc 

'"  'whet  pattcMi  ol   Leciaiiche  cell   as  made 
bv  Mc    1-  Siemens  Br..s.  is  sh.mn  in  ImK-  1  - '■ 
I„  this  cell,  in  order  t..  reduce  still  lurlher  the 
resi^iance     nd    at    the    same    time  to  supply  a 
larger    .p.antitv    .«f  ^mc,  the    tuel  ..t    the   cell, 
.,K    c!caro-p..-it,v..    zinc    clecliode,    is    ...    the 
,orm    ..t    a    cvlm'cr    surrounding    the    e.e.t.o- 
,K-,.at,ve  carbon   electrode.     From  one  side  of 
U,.\vlin.lerthe,e.-.-.-.b.tant.alln^,  winch 
,.l,c,u.nerP -h.  ..:.uot  ahocka.id^upports 
,h,.   electro.!-   from   'he   top    rim   ot    the    glass 
,„,,,„„.    ,c-se..     The   w.  .    '  .r  .nakmg  c.n- 
;,,„'„.„   ,:    -older. -l   t..   Ihe   i.-^,  the  juuU  bemg 
.ne'ulK    par.aed   with    insulating   pamt   to  pre- 
vent local  a.:, on  ;  the  top  rim  ■.:  the  glass  vessel 

„    .1-0   panned    to    st.-.p  the    .reep.i.«'   "1    ^••''l^- 
Two  agglomerate  bl.-cks  are  .lamped  on  t.>  the 
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very  little  attention,  but  the  .lc|).il.iii>.iti..ii  is  not  marly  sn  i;ona  as  in  vnne 
ot  tlie  otlar  cells  ilexnhcJ.  Willi  ii\..,Ur.itilv  large  currents  it  polansci 
verv  rapiiltv,  but  rcv.>vcr>  its  v.  M.  v.  il  kit  .-Mn-lini;  i.lle  tor  some  lime.  It 
\.  therclore  well  ailapleil  for  iiiterinilUiil  wmk,  mkIi  as  electnc  1h  lis  and 
Iflepboiie  calls,  also  lor  telc,i;raphinK  ..ii  lines  on  which  tluro  is  not  nui:h 
irallic.  It  should  also  be  noted  tli.it  the  cxll  doo  not  cont.uti  any  corrosive 
acids,  anil  that  it  does  not  emit  noxious  liiiiu^.  when  wotkui^.  !•  urlher,  tin 
electrolyte,  sal  animoiiiac.  Is  ic.idilv  procurable,  but,  it  not  .ivailable,  on  .in 
tinerneiHV  i'   ui.iy  be  replaced  hv  a  solution  ot  coinnioii  table  salt,  sod'um 

chloride. 

Dry    Cells.  -Various    modiluations   ot    the    l.ecl.uKhe   cell    completely 

sealeil  up,  and  usually  discnbed  as  "  Drv''  cells,  have  been  brou^l't  forward 

and    extensively   u.-ed    duriui;   the    last    lew  years. 

The  term  "dry"  must   not  be   taken    literallv.  lor 

a  volt  lie  cell   iiuist   contain   an   electrolytic  liquid. 

though    the   c|u.iiititv  ni.iy  be  small,  as  in  VoUa's 

pile,  or  though   there  may  be  more  liquid  electro- 

Kte,  as  in  the  cells  under  consideration  ;   the  wluile 

ot  the  ai  live  material,  however,  of  the  cell  may  be  so 

Liidosed  that   no  moisture  can  be  detected  without 

breaking  open  the  celi.     To  diminish   the   liability 

(il    leakaRt    both   the   elect rolvte  and  the  dcpolar- 

iser  arc  usuallv  mixed  with  other  materi.ils  to  Ion.. 

a  kind  ol   paste   more  or   less  still.     The  tinal  sc.il, 

as  a  lule,  consists  ot   bituminous  material,  but  the 

cell  is  not   quite   hermetically  closed,  a  small  vent 

bein;;   usually  lett   lor  the  escap.     ..f  the  aniiuoiiia 

j;as.   which    we   have    seen    is   j^iveii    oil    in    small 

ijiiantities  in  the  working  ot  a  l.eclanche  cell. 
Should  this  vent  l>.-  omitted  or  become  choked 
'le  pres~uie  ol  the  «•'*  ^^i"  '"  "'""'  '■•'*'-"'  ^"''"' 
lie  cell  open  alter  it  h.as  been  ui  use  tor  some 
iittle  lime. 

Cells    ol     this    tvpe     h;;ve    been     invented    by 
Ik'lesen.  OlMch,  liu'mlev,  Lessing,  and  m.iiiy  others.     Hesides  producing  a 
.  omp.ict'aiul  portabU    .ell  the  etVorts  ot  inventors  have  been  chietlv  directed 
to   .iimmishinj;  the  internal    res;^lance   and   increasing   the   clleclne.iess  ot 
llie  deiioUiriser  so  that  the  !•;.  M.  v.  m.iy  be  well  niaint.un.d  durui;;  u  r. 

1/ir  Oh.uh  G-ll.—Ow  of  the  most  widelv  u-ed  ilrv  cells  is  that  in- 
vented  hv  Dr.  ( )bacli  ;  a  cross  section  is  shown  m  Im«.  151,  and  the  external 
appearance  of  one  ot  th.  p.itteriis  m  I-i-.  l?.-.  In  this  cell  the  zinc  \  loriiis 
the  oute!  vessel,  being  nuumted  on  an  insulatini;  base  11.  which  -uiy  be  ot 
wood,  but  is  usuallv  made  of  a  compound  of  asphalt  moulded  to  the  leqmred 
shape  when   hot.     The  carbon  rod  C   is  pLiced   in  the   centre  ot   the  cell,  .md 
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is  siirrouiiilcd  bv  tlie  ilcpnlarisiiii;  mixture  n.  The  latter  consists  of  man- 
gaiiLhc  dioxiilc  and  |)liiinbaj;o  in  nearlj'  equal  |)r(  portions  made  into  a  j)a>le 
Willi  I  per  cent,  of  j^uin  tragacaiitli,  and  then  presseil  through  a  die  into 
the  required  fi'rm.  This  is  such  as  to  surround 
the  carbon  c  and  to  tit  the  projection  6  of  the 
insulitini;  base  ;  it  is  wrapped  nniml  with  paper 
or  textile  t.ibric.  The  eleetrolvtc  occupies  the 
space  between  n  anil  the  zinc  outer  vessel  ;  it  is 
made  up  of  about  8;  per  cent,  of  plaster  of  Paris 
and  1 5  per  cent,  of  Hour  mixed  to  a  thin  paste 
with  a  solution  of  sal-amm miac.  A  paper  rin^  K 
is  placed  over  the  depolariser  an!  the  electrolvte, 
and  above  this  is  a  layer  <;  of  granules  of  ground 
cork  or  other  non-hygroscopic  material.  Then 
comes  anotiier  paper  ring  n,  and  above  this  the 
bituminous  seal  K,  throui^h  which  the  glass  tube  L 
is  passed  to  act  as  a  vent  lor  the  gases  liberated 
by  the  action  of  the  cell. 

The  method  ot  securing  the  metal  binding 
screw  to  the  carbon  so  as  to  ensure  good  elec- 
trical contact  is  worthy  of  notice.  A  cvlindric 
hole  widened  at  the  bottom  and  with  narrow  grooves  on  either  side  is  cut 
in  the  carbon.  The  screw  i'  is  then  held  in  the  centre  of  the  hole,  and  a 
molten  fusible  alloy  of  bismuth,  lead,  and  tin  is  poured  in  round  it.  The 
alloy  expands  on  solidifying  and  grips  the  screw  p  tightlv  in  tlie  hole. 
Owing  to  the  enlargement  at  the  bottom  and  the  grooves  at  the  .-ide  it 
is  not  easy  to  draw  out  the  plug  or  to  twist  it  round.  The  nuts  o  and 
R  are  then  placed  on  P,  the  former  being  screwed  on  tightly.  The  ter- 
min;.!  m  for  the  zinc  is  a  piece  of  copper  wire  or  strip  soldeted  on  at  the 
top  in  the  space  G.  The  junction  should  be  protected  from  local  action 
by  being  covered  with  some  insulating  material. 

The  Obach  cell  was  tested  in  i.Sqj.  by  Professor  Jamieson  of  Gla.sgow 
and  foinid  to  give  gof)d  results.  The  output  of  ,i  b  cell  weigliing  2  lb. 
lo  o/.  was  I7'4  ampere  hours,  with  currents  ranging  from  0024  ampere 
to  oxX^  ampere,  the  tests  extending  over  four  days  with  long  intervals  of 
rest  intervening.  An  a  cell  weighing  4  lb.  6  oz.  was  similarlv  found  to 
give  34-4  ampere  hours,  its  resistance  varying  during  the  te^t  bctwi xii 
o  o.;7  ohm  .Hid  0'4i6  ohm.  With  tn,,  n  cell  the  current  was  4  minutes  on, 
and  then  the  cell  rested  for  4  minutes  ;  with  the  a  cell  the  corresjionding 
intervals  were  ?  minutes.  These  rests  were  independent  of  the  long  rests 
between  the  different  daily  tests.  An  exhausted  A  tell  w.is  afterwards 
charged  in  a  similar  maimer  t<^  a  secondary  batterv  {si'r  page  20~)  with  a 
current  of  2  amperes  for  7  hours,  when  its  v.  ^T.  k.  rose  from  047  volt 
to    I  444    volts  ;    it    was    then    discharged    through    a    constant    resistance 
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of  5  ohms  for  27  hours,  duriiii,'  wliich  tlu'  >  urunt  tell  from  o  l'^  amiH-ro  to 
OO'jb  ampere.  Tlie  total  anipeie  hours  and  eiierKV  ot  the  outjuit  are  not  i;i\eii ; 
it  wouKl  have  been  interesting  to  compare  tliem  with  tile  14  ampere  hours  ami 
the  energy  put  in  so  as  to  deduce  the  approximate  eflicieniy  of  the  cell  as  a 
secondary  cell.  Sweepin;,'  deductions,  however,  should  not  he  niaile  Irom 
tests  on  single  cells,  which  maybe  better  or  worse  than  the  average  of  a  ji.irccl. 

The  I.rssin^  Cell. — A  sectional  illustration  of  this  cell,  invented  hv 
Dr.  A.  Lessing,  is  given  in  Kig.  15;.  The  outer  c<MUaining  vessel  i»  t'  is 
of  porcelain,  immediately  within  which  is  placed  .i 
cylinder  z  of  sheet  zinc.  In  forming  the  cvliiider  a 
strip  T  is  so  far  cut  from  the  sheet  without  heiiiL; 
completely  severed  that  on  being  bent  back  it  can 
be  used  for  leading  the  current  into  the  cell  from 
the  negative  binding  screw  \v.  In  this  wav  all  sol- 
dering  or  riveting  insi.le  the  cell  ami  consequent 
risk  of  local  action  is  avoided.  The  negative  |ilate 
C  is  a  flat  piece  of  carbon  surrounded  bv  manganese 
dioxide  contained  \\\  a  bag  b  n  of  co.irse  textile 
material  bound  round  with  thread.  In  the  space 
between  the  bag  and  the  zinc  is  the  electrolyte, 
sal-ammoniac  solution,  thickened  with  tiour,  etc.  A 
fairly  thick  layer  s  of  sawtlust  covers  the  working  p.ii  t 
of  the  cell,  and  above  this  comes  the  bitutninous 
seal  A.  Through  the  two  latter  the  vent  tube  v  v 
is  pa>--ed  for  the  purpose  alre.uiy  explained.  Thi- 
ventil.iting  tube  is  usually  made  •.^'i  lead,  so  that  it 
ni.iy  be  hammered  up  to  prevent  the  liquid  escaping 
whil-t  the  cell  is  carried  about  ;  it  cm  e.isilv  he 
opened  out  when  the  cell  is  re(iuired  for  u~e. 

Experiments  made  by  the  author  on  the  Lessing 
cell  show  that  for  ordinary  tclegr.iphic  or  ringii.g-up 
currents  it  is  remark. ibly  constant.  When  d''chargei; 
resist. mce  with  such  a  current  for  4  minutes  at  .\  time,  with  interv.\ls  of 
6  minutes  lor  rest,  the  current  only  tell  1  '1  per  cent,  of  its  initi.d  value 
in  ;So  hours,  and  other  te>t>  showed  th.it  the  ..clis  couM  li.ive  been  dis- 
charged in  this  way  for  about  I,J0O  IvMirs  before  being  exh.iusted.  It 
was  also  found  that  similar  currents,  i.e.  Innn  2:  to  .:S  inilli-ampeiCN, 
could  be  kept  on  continuou>ly  without  the  circuit  being  broken  for  v^o 
'ours  or  longer.  It  was  possible  to  dr.iw  iri-  '-.  he.ivier  currents  from  the 
cells  tor  shorter  periods,  either  continuouslv  or  iiitermitteiitiv,  with,  ut  anv 
signs  of  ilistress,  such  as  bursting  or  mechanic.d  leakage,  being  apjiarent  on 
the  outside.  Thus  a  current  of  neat  I  v  500  milli-amperes  (o';  ampere)  was 
kept  on  continuously  through  a  con-, ant  external  resistance  lor  six  hours 
with  a  fall  of  less  than  7  per  ce-.i. 
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The  type  ol  Leasing  cell  experimeiiteil  upon  was  63  inches  hij;h  and 
31  inches  in  iliameter  ;  it  weiyhed  about  3  11).  2  oz.  The  K.  M.  v.  is  that 
of  cells  of  the  Leclanch^  'yp*-'.  namely,  about  1-5  volts,  and  the  resistance 
averages  le--s  than  02  ohm  for  cells  in  goo.l  condition, 
a  remar'  ly  low  ligure  for  so  small  a  cell.  The  ex- 
periineni..  conclusively  show  that  the  cell,  besides 
being  more  portable  and  cleanlv,  do'is  not  polarise 
under  severe  conditions  of  »est  in  the  same  way  as 
an  ordin.iry  open  type  Leclanclie.  An  external  view 
of  it  is  given  in  Fig.  154. 

Other  good  forms  of  dry  cells  have  been  brought 
out  from  time  to  time,  notably  the  Gassner,  the  Hel- 
lesen  (in  which  special  attention  is  paid  to  ventilation), 
the  Burnley  (or  E.C.C.),  etc.  etc.,  but  considerations 
of  space  do  not  permit  of  their  descripti<m  in  detail. 

Electro  -  Chemical  Depolarisation.— A  third 

method  of  avoiding  the  evils  of  ])olarisation  consists 
in  selecting  such  a  combination  of  liquids  and  metals 
that  the  chemical  etTect  of  the  current  at  the  negative 
plate  of  the  b.iitery  does  not  alter  the  combination, 
and  therefore  does  not  vary  the  effective  E.  M.  K.  ol 
the   cell.      The   earliest    and    best    attempt    to    apply 

this  method  was  in   the   cell    devised  by   Prof. 

D.miell,   of  King's   College,    London,    in    183b. 

In    this   cell    the   negative   plate    is   of  copper, 

and  is  surrounded   by  a   saturated   solution   of  ( 

sulphate    of    copper.      The   chemical    effect   of 

the   current    at    this    plate   consists   in    plating 

copper   from    the   solution    on    to    the    copper 

plate,  thus  leaving  the  combination  unch.mged 

and  attaining'  the  object  referred  ti>  above. 
The   combination    adopted    by    Daniell    has 

proved  so  effective  and  convenient  that  almo.st 

endless  varieties  of  his  cell  have  been  invented. 

We  select  two  only  for  description  here. 

Daiiicirs  Cell. — This  in  its  original  form  is 

shown    in    Fig.   15;,  where    /)    is    a   cojjper   jar 

forming  tlie  -|-  pole,  and  containing  a  saturated 

solution  of  sulphate   of  copper  ;   c  is  a  porous 

cell    of  some    I;ind,   which,    in    the   cell    repre- 
sented, consists  of  a  "  membranous  tube  formed  Rj,  ,5,._i).inieir«  Ctil 

of  part  of  the  gullet   of  an   ox."     This  porous 

cell   contains   a   zinc   cylinder    in    the    middle,    connected   to   the  pole. 

The  liquid  o   0  in  the  closed  porous  cell  is  dilute  sulphuric  acid,  supplied 
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throuj;h  tlie  small  funnel.  The  ln.'i>;lit  of  thi^  liquid  cduKl  he  seen  bv 
means  of  the  tube  g,  tlirou;;h  uliieti  also  the  superlluous  aiiil  couM  be 
dr.Twn  otT. 

It  will  be  seen,  therefore,  that  the  Daiiiell's  element  consists  of  an 
inner  and  outer  ceil,  separated  bv  a  jiorous  partition  ;  copper  and  zinc 
beinj{  the  metals.  The  cojiper  does  not  w.i>te,  and  m.iv  thcrelore  be 
used  ft)r  the  outer  cell,  althou<;h  this  is  not  an  essiiitial  le.iture.  The 
porous  cell  may  be  made  of  inislazed  porou?  porcelani,  or  of  iif^htcr 
material,  such  as  parchment,  or  even  of  brown  jiaper.  When  the  am.d- 
Hamated  zinc  is  placed  in  the  inner  clII,  and  the  copper  jilile  fori'H  the 
outer  leceptacle,  the  liquid  in  the  inner  cell  is  dilute  sulphuric  acid,  .nul 
that  in  the  outer  cell  is  a  saturated  solution  of  copper  sulphate  or  blue 
vitriol.  It  is  desirable  that  this  solution  should  be  Siitnuitcd.  tiiat  is, 
should  contain  as  much  co|iper  sulphate  as  it  will  dissolve,  and,  as  the 
action  ilecomposes  this  compound,  sjxire  crystals  of  the  substance  must 
be  placed  in  a  cage  at  the  top  of  the  liquid.  These  will  j^raduall)'  dissolve 
as  the  licjuid  becomes  impoverished.  The  action  when  a  current  is 
flowinj];  is  as  follows:  Zinc  dissolves  in  the  dilute  H^SO,.  lorniinj,;  Zn  SO,, 
and  liberating  H.  The  freed  atoms  of  H,  however,  do  not  reach  the 
copper,  but  being  handed  on  to  the  porous  cell,  throui;h  the  jiores  of 
which  they  pass,  they  replace  copper  in  the  copper  sulpli.ite.  The  re- 
sult is  that  pure  copper  instead  of  hy- 
drogen is  deposited  on  the  outer  plate, 
which  therefore  thickens.    Hence 

in  the  inner  cell  Zn  -(-  II,S(),  = 
Zp  SC\  +  II, ; 

in  the  outer  cell  H^  -f  Cu  So,  = 
H,SO,  -f  Cu. 

Fig.  1511  represents  a  modification  of 
the      ell,    having    the    copper    in    the 
innci  cell  and  the  zinc  in  the  outer  cell. 
Zn  is  the  zinc  cylinder  placed  in  a  glass         "^ 
vessel,  /  is  the  porous  pot  into  which       ^  — 
the  copper  rod  C  dips.       The  copper 
carries  a  little  sieve  n,  to  hold  crystals 
of  sulphate  of  copper.     Each  copper  rod  is 
cylinder  by  means  of  a  wire  a. 

Some  of  the  other  numerous  forms  of  D-inieU's  cell  used  for  special 
purposes  will  be  described  in  the  technological  section.  ^Ve  shall  also 
describe  later  {sec  Chapter  IX.)  the  lorins  ot  volt.iic  i-ells  which  are  u-ed 
as  standards  of  h.  m.  k. 

Local  Action. — Thia  defect  of  the  voU.ue  cell  is  due  to  the  i)re.>cnce 
of  impurities  ni  the  metal  pl.ilts,  and  es]ieci.illy  in  the  zinc.  I'or  m^iance, 
suppose   a    'mall    granule    ol    iroti    \-    (I'lg.    1571    is   embedded   in   the  ZiUC 
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7a\  ami  hecdincs  cxpiiSL'<l  to  llic  .iction  of  Jic  exciting  liquid.  Iron  being 
electro-nej;:it've  to  zinc,  or,  in  otiier  words,  being  ditVerontlv  acted  "U  bv 
the  excitii  ,  iiiiiiid,  the  three  form  a  miniature  voltaic  cell,  the  circuit 
of  wiiich  is  closed  through  the  mass  nf  the  zinc  not  exposed  to  the 
ll(iuid.  In  this  circuit,  therefore,  an  electric  current,  some  of  the  paths 
ol  which  are  shown  by  the  curves  c  c,  flows  and  causes  the  zinc  to  be 
dissolved  in  the  neighbourhood  of  the  iron,  even  when  the  general  cir- 
cuit of  the  luge  cell,  of  which  this  minute  circuit  forms  a  pirt,  is  not 
closed.     The    difficulty    would    be    overcome    bv    using    chemually    pure 

zinc,  but  this  would  be  too  expensive  for  ordin- 
arv  use.  Kemp  had  observed,  however,  in  182H 
th.it  zinc  well  amalgamated  with  mercury  will 
Hot  decompose  aciiiulated  water.  Sturgeon, 
in  1^X0,  therefore  proposed  that  the  zinc  plates 
in  voltaic  cells  should  be  well  amalgamated,  and 
this  simple  process  was  found  to  be  thoroughly 
effective  in  preventing  the  local  action  described 
above.  In  fact,  amalgamated  zinc  was  found  to 
behave  electric.dly  like  chemically  pure  zinc. 

Local  acti'ii  mav,  however,  be  .set  up  in  a 
cell  which  is  initially  free  from  it,  if  the  cell  be 
not  properly  attended  to  and  kept  in  good  con- 
dition. If  we  examine  the  porous  earthenware 
Vessel  of  a  Daniell  cell  that  has  been  in  use  for 
some  time,  wt;  find  that  figures  resembling  the 
foliage  and  branches  of  trees,  or  little  crystals, 
cover  its  surface.  These  are  crvstals  of  copper. 
T!ie  copper  separ.itcd  out  in  this  manner  some- 
times goes  through  the  porous  cell,  and  is  then 
111  direct  contact  with  the  zinc,  forming  galvanic 
couples,  which,  producing  onlj-  local  action,  de- 
comp<ise  the  zinc,  but  do  no  useful  work.  The 
d  position  of  copper  on  the  surface  c.  the  diapiiragm  is  sometimes  caused 
by  the  zinc  residue  wliich  coats  the  cell.  This  sediment  consists  of  iron, 
lead,  cop|)cr,  c,iih<in,  etc.,  which  dissolve  but  slowly  in  the  dilute  sulphuric 
acitl,  it  indeed  they  dissoKe  at  all.  To  prevent  this  the  porous  pot  is 
sometimes  repl.iced  by  p.i:climent.  If  the  cell  is  arranged  so  that  the 
zinc  together  with  the  sulphuric  acid  is  inside  the  porous  pot,  the  separa- 
tion of  copper  in.iy  be  prevented  by  having  the  zinc  placed  in  the  nuddle 
of  the  pot  an;',  the  bottom  of  the  diaphragm  cated  with  wax.  The  zinc 
residue  imw  remains  at  the  bottom,  and  the  solution  of  copper  sulphate 
cannot  p.iss  through  to  it. 

Simil.ir    deleterious    effects    develop     in     some    other    clas.ses     of     cells 
if  they  are  not   attended    to  whilst    in    use.      It   is   one  of  the  merits   of 
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the  Ixclanchti  cell  that  it  is  rcin.irkahlv  free  fioin  ilcfects  of  this  kiiul, 
and  that  it  may  he  u-^eJ  for  long  pirioils  of  time  with  a  mimmmii  of 
attention. 

V. TMK    TIIKKMAI.    PK'ODnTIOV    OK    IIIH    KIliTMi     rlKKlNT. 

The  chemical  methoil  ot  prodiKiii^  an  eUctric  ciuieiit  ikpeni'.s  S'l 
intimately  on  the  same  phenomena  whicli  arc  manifested  in  tlie  chemical 
ciTect  of  the  current  that  it  is  ilitlicult  tci  deal  with  the  two  sep. irately, 
and  the  forej^oin);  paj;cs  will  he  hetter  understood  when  tho-e  i.latini;  to 
the  chemic^'.l  effect  (pp.  \i>'  to  :i\)  li.ive  been  peru-ed.  When,  however, 
we  turn  to  the  iherm.d  method  ol  producing  a  cu'rent,  we  h.ive  to  de.d 
with  a  set  of  phenomena  which  are  quite  di.^tiiKt  iroiii  those  rel.itiiii;  to 
what  is  piir  rxci'/Zriiir  the  he.iting  effect.  The  latter  .ire  concerned  with 
the  production  of  heat  by  a  process  of  a  fnctt  inal  nature,  which  is  inrvfysthlt 
and  cannot  be  used  for  the  purpose  of  re-toriiiiZ  the  heat  eiiernv  to  the 
form  of  current  enerj^y.  Thtre  are,  howevir,  under  s|)eci.il  ciicum^t.uices, 
other  heating  effects,  sm.ill  i-i  m.iunitude  .iiul  not  ai\vav>  app.ireiit  thriuiLjli- 
out  a  circuit,  but  only  where  certain  conditions  are  fulfilled.  These  ellects 
are  reversible,  and  by  t.diing  advantage  of  this  reversibilitv  the  production 
of  an  electric  current  directly  :om  he.it  energv  is  possible.  The  elTects 
are  usually  referred  to  under  the  title  of 

TIII-KMO-KI.KCTKIcirV. 

The  Peltier  Effect. — Peltier  discovered  in  1S34  that  when  an  electric 
current  was  p.issed  across  a  junction 
of  dissimilar  metals,  such  as  anti- 
mony and  bismuth,  the  jun.uon  was 
either  heated  or  cooled  according  to 
the  direction  of  the  current.  If  the 
current  passed  in  one  direction  the 
junction  was  cooled,  if  in  the  other 
direction  the  junction  was  heated, 
this  heating  being  in  addition  to  the 
onlinary  heating  caused  by  the  p.is-, 
sage  of  a  current  through  a  homo- 
geneous conductor.  Peltier's  method, 
as  modified  by  Lenz,  for  showing  this 
efl'ect  is  illustrated  in  Fig.  ifs.  Bars 
A  and  B  ol  antimony  and  bismuth  are 
soldered  t(>gether  at  their  centres, 
and  two  adjacent  ends  a  .nd  b  of 
the  cross  so  formed  are  connected 
to  the  poles  of  a  battery  n  through  the  key  K.  A  hole  e  is  bored  out  al 
the  crossing  point,  the  cross  being  first  reduced  to  o"  C.  by  immersion  in 
melting  ice,  a  small  quantity  of  water   is  introduced  into  the  hole  <•,  and 
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the  battery  circuit  cioscil  so  that  tlic  current  p.isses  in  the  direction 
XtheaKXi,  ;iiicl  iheretbre  across  the  junction  of  the  two  metals  Iroin  tlie 
bismuth  to  tiie  aiitimonv.  I.enz  fouml  tliat  in  five  minutes  the  water  iii 
the  liole  was  frozen  and  its  temperature  lowered  to— 4"  C.  Peltier  demon- 
strated the  coohng  elTect  by  using  a  differential  thermometer,  and  later 
on  hv  malviiif;  use  of  the  Seebeck  efilct  discovered  twelve  years  earlier. 

The  Seebeck  Effect. — This  effect,  which,  historically,  was  the  startinj; 
point  of  the  science  of  thermo-electricity,  was  discovered  by  Seebeck  in 
l^Z2.  In  makinjf  experiments  on  the  Volta  contact  force  he  found  that 
if  in  a  complete  metallic  circuit  there  were  junctions  of  dissimilar  metals, 
and  if  the--e  junctions  were  at  dilTereiit  temperatures,  then  generally  a 
steady  current  flowed  in  the  circuit  as  long  as  the  difTerences  of  the  tem- 
^  per.itures    of    the    junctions 

were  maintained.  The  ap- 
paratus Used  by  Seebeck  to 
demonstrate  this  efTect  for 
two  metals  only  is  shown  in 
Fig.  iti.  A  piece  of  copper 
k,  bent  in  the  shape  seen  in 
the  figure,  was  placed  on  a 
block  of  bismuth  a  b,  carry- 
ing a  pivoted  magnetic  needle 
tt  s ;  as  soon  as  the  ecpiality 
of  temperatures  was  altered 
by  either  heating  or  cooling 
one  of  the  junctions  of  the 
two  metals,  the  needle  indi- 
cated a  current  which  con- 
tinued to  flow  as  long  as  the 
difTerence  of  temperature  was  maintained  at  the  junctions.  The  move- 
ment of  the  needle  indicated  the  diri.-ction  in  which  the  current  flowed 
If,  for  instance,  the  north  junction  />  were  heated,  the  ;/  pole  moved  east- 
wards, showing  that  at  the  heated  junction  liie  current  flows  from  the 
bismuth  to  the  copper,  at  the  cold  junction  from  the  copper  to  the  bismuth. 
The  e.\|K  I  iment  may  be  extended  to  other  metals,  and  Seebeck  arranged 
a  table  of  metals  in  thermo-electric  order,  as  follows  : 


Fig.  I5'j.— Sttbcck's  Thermo-EIcclric  Apparatus. 


■  Antimony 
Arsenic 
Iron 
Zinc 
r.olJ 


Silver 
Platinum 
Copper 
Lead 


Tin 
Nickel 
Cobalt 
-I-  Bismulh 


This  order  only  holds  good  for  temperatures  within  certain  limits,  and  the 
!-tructure  of  the  metals,  etc.,  must  be  taken  into   account.     Bismuth  and 
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•  ntimnnv,  bcinj;  tartlicst   Iroin  cull  otlicr  in  tlic   li-t,  arc  bf.t  tor  the  cnii- 
>truttii'i)  of  tlicriiiD-clfctric  coniliin.itions  of  pure  mct.ils. 

riic  actual  clc  •oiiiotivc  lorue  ot  a  tlicrmo  clcitric  coitjilc  is  wry 
small  whiii  comparca  with  that  of  a  voltaic  cell,  hi  the  l.>ll.nviii«  table 
the  metals  are  arraiiKci!  in  the  reverse  order  to  that  ju^l  followed,  ami 
in  the  adjacent  column  is  given  the  i:.  M.  v.  developed  with  eath  .>t  the>e 
metals,  and  lead  as  a  standard  metal.  The  ditTerence  of  lemjierature 
required  to  develop  these  l-:.  M.  k.'s  i>  too*^,  one  of  the  junction^  heiiit;  cooled 
with  melting  ice  (o"  C.)  and  the  other  heated  with  boiling  water  iioo"  C). 


TaIII  K    IV. — TllFKMO-Kl.F.Cl  RIC    I'ROlF.Rllls    OK     IMF.    MllAlS, 


Meul. 


j  VulLii;c  wlien  pnircil  with  I-ca.l  Itptwecii  u'  Jiid  loo'  C* 


+  Ilismiiih 

Ciilialt 

Nickel 

(lerman  Silver 
rialinum  (soflj 
Aluminium     ... 

Tin      

Lead 

CopptT 

Platinum  (h.ii  I) 
Silver  ... 

Colli 

Zinc     

Irun     

—  Antimony 


+  -0068^  VmIi 

+  ooj  20  , , 

+  0024(1  ,, 

4-  OOI4S  ,, 

•^  00012  ,, 

+  'OOOCl  ,, 

+  00001  ,, 

-  00017  II 

-  '00022  ,, 

-  -00029  ,. 

-  ooo.;,?  ,, 

-  -ooojs  „ 

-  00149  .. 

-  "00465 


t  "  The  calcuUtions  are  basej  upon  Professor  Tail's  work. 

\  I"    tli's    table    the    positive    sign    indicates    a    current    frotn    the    metal    to 

i  lead  across  the /«/  junction.     For  any  two  metals  in  the  t.ible  the  1;,  m,  k., 

]  under   similar   conditions   of    temperature,    may   be    fi>und    bv   subtr.icting 

;  alirrhrakalh  the  voltage  of  the   metal   lowest  down  from   that  of  the  one 

i  above    it.      For   a   bismuth-antimony  combination   this   gives    01  14;    volt, 

I  or  about  -,,',„tli  of  the   k.  m.  k.  of  a  Daniell  cell. 

I  Alloys    may    be    used    for    thermo-electric    purjioses.   .nid    with    some   of 

these  much  larger  K.  M.  K.'s  are  developed  than  with  the  pure  metals.  The 
position  of  various  alloys  \\\  the  thermo-electric  series  does  not,  moreover, 
tollow  the  order  which  might  be  expected  from  the  thermo-electric  position 
ol  the  metals  whence  .he\"  are  formed. 

The  Peltier  etTei  t  enables  us  to  trice  out  the  source  fr-.tn  which 
the  energy  of  a  cuirent  tlouing  in  a  thermo-electric  circuit  is  derived  ; 
for  it  is  found  that  the  direction  (,f  the  current  across  the  healed 
junction  of  the  circuit  is  that  which  gives  a  cooling  Peltier  elTect.  We 
have  therefore  the  current  which  is  set  up  c  oling  the  hot  junction,  uiiiKi 
the   external    source   of  heat    is   supplying  heat    tending    to  keep    up   the 
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tenipt-ratiire.  St>me  of  tlic  licit  iiicrKV  supplied  is  theri'frre  transfurincd 
to  electric  current  ener<;v  at  the  hot  jimction.  At  the  cold  junction, 
as  a  rule,  the  opposite  effect  takes  ])l.ice  ;  the  Peltier  effect  here  is  4 
heatinj;  eliect,  and  some  of  the  electric  energy  is  therein'  transforned 
hack  a^jani  to  heat.  l-'ollowing  a  very  general  law,  we  see  that  the 
current  flow  tends  to  destroy  the  temperature  difference  which  is  iicco 
sary  to  maintain   it. 

We  can  now  extend  the  exiierinieiit  referred  to  in  Fig.  15H,  ami  use 
the  direction  of  How  of  a  current  to  indic.ite  a  difference  of  temper  iiure 
at  the  junctions  in  a  circuit  of  di>similar  metals.  It,  alter  the  cuiicnt 
fr.in  the  hatterv  has  heen  maintained  for  some  time,  the  key  K  he 
oper  -d  and  the  key  k,  closed,  the  g.ilvanomcter  o  will  indic.ite  the 
existence  of  a  current  in   the  direction  deed  shown    hy   the  arrow,  and 

which  therefore  Hows 
from  antimony  to  bis- 
muth through  the 
junction  r,  or  in  the 
opposite  direction  to 
th.it  in  which  the  hat- 
terv current  passed 
through  the  junction. 
This  indic.ites  that  the 
junction  e  is  colder 
thin  the  other  thermo- 
electric  junctions  c 
a'ld  d,  for  the  inter- 
josition  in  the  circuit 
of  the  galvanometer 
and  other  wires  has  no  thermo-electric  effect  provided  these  wires  are 
all  at  the  same  temperature. 

Fig.  I'")  shows  another  apparatus  u>ed  by  Peltier  for  proving  the 
existence  of  the  Peltier  effect.  The  free  ends  of  the  bismuth-antimony 
rod  w  A  are  connected  by  means  of  wires  witli  the  miildle  mercury  cups 
of  a  Pohl's  commut.itor  G.  The  wires  dipping  into  the  tirst  mercury  cups 
are  connected  with  a  galvanometer,  and  the  remaining  wires  with  the 
cell  H.  If  now  we  allow  the  current  to  p.iss  from  bismuth  to  antimony, 
the  junction  will  be  cooled.  This  causes  a  thermo-electrical  difference 
in  the  rod  w  \,  which  is  made  manifest  by  the  deflection  of  the  needle 
when  the  conmmtator  is  reversed  so  as  to  cut  out  the  cell  and  bring  in 
the  galvanometer.  In  the  same  manner  the  lieating  of  the  junction  may 
be  shown  by  sending  the  current  in  the  opposite  direction,  that  is,  from 
antimony  to  bismuth. 

Thermo-clecttic  Inversion. — If  a  thermo-electric  circuit  of  two  metals, 
say  copper  and  iron,  be   taken,  and    whilst   one   of   the  junctions  is   kepi 


Fig.  i(.j.— Peltifr's  Bar. 
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ato"C..  the  temperature  of  the  otiu  umai.'ii  be  Rr.i.lu  ill\  r.iised,  i:  will 
be  touiul  th.it  the  current  neiicr.itcd  Rrailuallv  iiKre.i^e>  ti.  .i  tn.ixinuiin. 
and  then  decreases  until  at  a  lert.iin  tempit  iture  ot  the  Imt  junctiDH 
the  current  ceases  alt..j;ether.  It  the  temperature  i.t  the  hot  juiution 
be  raised  still  higher,  the  current  is  anain  set  up.  but  in  the  •  /y..,w/^ 
tiirfctinu.  This  phenomenon,  known  as  thfrm-teUttrir  viirisi.ii,  was 
discovered  by  Cummin;^  in  \^2x.  Subsequent  investigation  has  shown 
that  when  the  current  in  such  a  circuit  is  a  maximum,  there  is  tn 
Pi-ltii-r  effect  M  the  hot  junction.  Above  this  temjK-rature  the  Peltier 
effect  is  reversed.  The  temperature  at  which  the  Peltier  effect  dis- 
appears fc-  any  pair  of  metals  or  alloys  is  known  as  the  therm. >electric 
critical  tempiratnre  for  those  materials. 

The  Thomson  Effect. — In  Cumming's  experiment,  therefore,  when  the 
hot  junction  is  at  a  temperature  above  the  critic.d  temperature,  and 
before  it  has  reached  the  temperature  ut  which  the  current  is  reversed, 
the  Peltier  effect  is  such  as  to  heat  both 
the  cold  and  the  hot  junction.  A'o  heat 
energy,  therefore,  is  heing  taken  into  the 
circuit  at  these  Junctions,  a  result  which 
appears  to  conflict  with  the  fundamental 
law  of  the  Conservation  of  Energy,  for  the 
current  in  flowing  is  giving  out  energy. 
Lord  Kelvin  (then  Sir  William  Thomson) 
argued  that  energy  must  be  absorbed  some- 
where, and  since  it  was  not  absorbed  at 
the  junctions,  it  must  be  absorbed  in  the 
other  parts  of  the  circ  it,  that  is,  in  the 
metals  whose  'nds  are  at  different  temperatures,  b  a  series  of  masterly 
experiments,  f  .r  the  effect  sought  is  a  very  small  one,  he  proved  that 
the  mere  passage  of  a  current  along  an  unequally  heated  ')ar  of  copper 
from  the  cold  to  the  hot  end  caused  the  bar  to  be  cooled,  and  that 
in  iron  the  same  result  was  produced  by  the  passage  of  a  current 
from  the  hot  to  the  cold  end.  This  phenomenon  is  known  as  the 
"  Thomson  Effect."  In  the  experiments  allowance  had  to  be  made  for 
the  usual  heating  due  to  the  passage  ot   the  current  through  each  metal. 

Thermopiles.— Thermo-electric  batteries,  or  thermopiles,  can  be  built 
up  of  strips  of  two  dissimilar  metals  placed  alternately  in  the  circuit 
as  shown  in  Fig.  i6i,  where  the  shaded  bars  are  intended  to  represent 
one  of  the  metals  and  the  unshaded  bars  the  other.  As  the  junctions 
have  to  be  alternately  heated  and  cooled,  care  must  be  taken  that  the 
odd  junctions  I,  3,  5,  etc.,  aie  on  one  side,  and  the  even  junctions  2,4, 
etc.,  on  the  other.  If  the  former  be  heated  and  the  latter  cooled, 
a  current  wii"  be  produced  on  closing  the  circuit  due  to  the  thermo- 
electric E.  M.  F.  generated  by  the  arrangement. 


Fig.  ill,— Thermu-Klfctrk  Battery. 
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To  imrc.i-o  til.'  1-.  M.  K.  of  the  pile,  it  is  lucc-s.iry  cuIkt  to  nurease  the 
ttmiHr.iturc  ililTcrciicc  or  to  increase  the  number  »)t  junctions.  1-  .rtuii.itcly 
t',c    n'^nci.il    conditions    arc    .such    as    to    render    compact    arranneiiienti 

ot  numerous  junctions  possible.  One  of 
ihi-e  is  sliowii  in  Fij^.  Hi.',  in  which  all 
lli'j  even  junctions  are  on  one  siile  of 
the  I'llc  anil  all  the  oiUl  junctions  on 
the  other.  Where  the  metals  are  not 
lo  be  in  contact,  proper  insulating  spaces 
or  materials  are  interposed.  The  two 
ends  of  the  series  are  joined  to  the 
bindiiiK  screws  v  and  .v,  fro;n  which 
wires  can  be  taken  to  the  external  circuit. 
In  Melloni's  experiments  on  radiant  heat 
he  used  the  ,.:ie  shown  in  Via-  i"/. 
Cones  (-  could  be  placeil  on  eilher  or 
both  ends  of  the  pile  to  dire.t  the 
radiant  waves  on  tt)  the  iherm-,.-electric 
junctions. 

The  circumstance  that  the  electro- 
motive force  of  a  thermopile  is  proportional  lo  moderate  difTerences  of 
temperature  makes  it  a  valu.ible  :xnd  delicate  instrument  for  measuring 
lemperature.  For  this  purpo.se 
the  wires  of  the  pile  are  con- 
nected V.  ith  a  very  sensitive  g.il- 
vanoineter.  A  very  slight  dif- 
fer! nee  of  temperature  generates 
a  current  ;  and  the  strength  of 
this  current,  which  is  proportional 
to  the  ditTerence  of  temperature 
for  a  considerable  range,  is  in- 
dicated by  the  detleclion  of  the 
needle.  Melloni  found  that 
„',,otli  of  ••  di-'Sree  can  be 
me.isured  with  this  instrument, 
a  minute  dillerence  which,  of 
course,  cannot  be  obtained  with 
any  ordinary  thermometer. 

.More    recently    much     more 
sensitive      therinoinle      galvano-  i         t        f 

meters    cap.ible    -!    detecting     lemperature    difTerences    ot    ToOoooest"    f^' 
a    degree,    have    been   constructed.*     The   description    of   these,    however, 
•  The    tliern.o-ckctric    ra.lio-micrometer   of    I'tofessor    Boys    is   cipable   of   detecting   a 
ditlerence  ol  tempeiamie  ol  Ic,  than  onc-raiilioiilli  uf  -        .ree. 


Fig.  16). —Melloni's  Thermopile. 
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will    be    lu-ttcr    uiKierstnud    whin    \\\    Imm     I'xpl  uikmI    the 
>;.iK.i;iMiiutr\-. 

I'Mf  It  rt.iiii  piirivi>cs,  ^x-  •<"■  .i^iirt.imiiij;  tli.-  i...in|>...,iti\  uiinicitutL-s 
nt  .mv  >;i\cii  line  in  the  >[Htr\iiii,  thcrni<>|iili>  iic  ii-cl  h.ivini;  tlic  >\iil 
.iihl  (..111  i.ini.ticin>  iirr.inKil  in  ~ii.iii;ht  liii.s,  Ain.tltcr  iIivm-  i-  iho 
thvrMioi-iiarir  rii-ollc,  wliitli  oniNiMs  ot  diic  ifiiple,  thi  iiiiuti..n  ..( 
wliiih  is  pi.intcil.  With  it  the  cuiulition  .i^  regards  tcniiicMlure  ..I  jnini.il 
.in J  vegetable  textures  can  be  nivcstigatcJ. 
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CHAPTER    rV. 

ELEMENTARY  LAWS   OF  SIMPLE  CONTINUOUS 
CURRENTS. 

I. — ohm's    law    of    rURKENT    FLOW. 

Illustrations  and  Explanations.— \V\'  have  seen  that  by  putting  two 
different  metals  into  a  liquid  we  set  up  an  eleciromotive  force,  which  gives 
rise  to  an  electric  current  if  a  closed  circuit  be  provided.  This  electric 
current  lasts  as  long  as  the  e.  m.  f.  is  maintained,  that  is,  as  long  as  the 
chemical  action  lasts,  and  it  flows  from  points  of  higher  to  points  of  lower 
potential.  Let  us  consider  again  the  simplest  form  of  galvanic  cell,  namely, 
that  consisting  of  a  copper  plate  and  a  zinc  plate  in  dilute  sulphuric  acid, 
the  unininiersed  ends  of  the  plates  being  joined  with  a  wire.  Every  similar 
arrangement  is  called  a  closed  circuit.  In  our  combination  positive 
electricity  moves  from  the  unimmersed  copper  end  to  the  unimmersed  zinc 
end.  We  further  know  that  the  current  is  not  restricted  to  the  connecting 
wire,  but  extends  to  the  plates  dipped  in  the  liquid  and  to  the  liquid 
itself.  In  the  liquid  positive  electricity  flows  from  the  zinc  to  the  co^-^'er. 
In  the  circuit,  then,  a  current  circulates  passing  from  zinc  to  copper  in  the 
cell  and  from  copper  to  zinc  in  the  external  wire.  When,  therefore,  we 
speak  of  the  direction  of  the  current,  we  mean  the  direction  of  flow  of  positive 
electricity,  or  the  direction  of  fall  of  potential  in  tlie  outer  wire. 

To  e.X|  lain  the  laws  of  the  current  we  shall  return  to  the  analog}-  of  a 
flow  of  water.  The  water  in  the  reservoirs  a  and  b  in  Fig.  165  stands  at 
different  heights.  As  long  as  this  difference  of  level  is  maintained,  water 
from  B  will  flow  through  the  pipe  R  to  a.  If  by  means  of  a  pump  p  the 
level  in  h  be  kept  constant,  a  constant  flow  through  r  will  also  be 
maintained.  Here,  by  means  of  the  work  expended  on  the  pump,  the 
level  in  the  reservoir  is  kept  constanr  and  in  the  corresponding  case  of 
the  electrical  current,  by  the  conversion  of  chemical  energy  a  constant 
difference  of  potential  is  maintained. 

Through  every  cross  sectiorv  of  the  water  circuit  a  certain  quantity  of 
water  flows  per  second,  and  this  quantity  may  be  taken  as  the  measure 
ot  the  strength  or  magnitude  of  the  current.  Similarly,  through  every  cross 
section  of  a  conductor  a  certain  quantity  of  electricity  flows  in  a  given 
time.  That  quantity  of  electricity  which  flows  in  one  second  through  any 
one  cross  section  of  a  conductor  is  called  the  strength  or   magnitude  of 
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Ohm's  Law  of  Cvkrekt  Flomt.  ,8, 

the  current.  If  lo  gallons  of  water  flow  in  every  second  into  a  system  of 
vessels  and  pipes  of  any  shape,  whether  simple  or  more  complicated  as 
shown  in  Fig.  164,  and  10  gallons  flow  out  again  per  second,  it  u  evident 


Fig.  ill.— Flow  of  Waler  through  Pip«i. 


that  through  every  cross  section  of  any  vessel  or  pipe  of  the  system 
10  gallons  of  water  pass  every  second.  This  follows  from  the  fact  that 
water  is  an  uncompressible  liquid  and  must  be  practically  of  the  same 
density  throughout  the  system.  The  water  moves  slowly  where  tlie 
section  IS  large  and  quickly  where  it  is  small,  and  thus  the  quantity  of 
water  that  flows  through  any  part  of  the  system  is  independent  of  the 
cross  section  of  that  part.  The  same  condition  holds  good  for  the  electric 
current ;  if  in  a  closed  circuit  a  vtcady  current  circulates,  the  same  amount 
of  electricity  will  pass  every  cross  section  per  second.  Hence  the  tollowing 
law:  The  magnitude  of  a  itrady  nurcil  in  any  anuit  ta  ,,,u,il  m  all 
parts  (it  the  circuit. 

Again,  we  shall  increase  the  quantity  of  water  flowing  throuch  the 
circuit  in  a  given  time 
by  increasing  the  pressure 
producing  the  motion  ; 
that  is  to  say,  by  increas- 
ing the  difference  of  level 
of  the  reservoirs  a  and 
B  (Fig.  165).  Now,  the 
pressure  per  square  centi- 
metre and  the  difference 
of  level  are  both  given 
by  the  same  number  in 
the  c.  G.  s.  system  of 
units.  Similarly,  in  elec- 
tricity the  differences  of 
potential  produced  by  the 
contact     of    metals     and 
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Fig.  16- .-A  Circuit  of  Water  ui;Uogout  to  the  Voltaic  Grcuit. 


liquids,  and  the  e.  m.  f.  producing  the  current,  may  be  measured  by  the 
same  number,  since  differences  of  potential  and  electromotive  forces  are 
quantities  of  the  same  order,  being  both  electric  pressures. 

As  the  strength  of  the  current  in  the  water  system  is  proportional  to  the 
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difference  of  level  ot  the  cibterIl^,  or  to  the  pressure  exerted,  so  also  in  the 
electric  circuit  the  strength  of  the  current  is  proportional  to  the  electro- 
motive force  or  electric  pressure  produced  by  the  battery  or  f;enerator. 

The  i|uaiitity  of  water  flowinj;  through  a  pipe  during  a  given  time  will 
be  increased  when  the  pressure  is  increased  ;  the  water  the.i  flows  more 
quickly,  and  therefore  a  greater  quantity  must  pass  every  cross  section  in  a 
given  time. 

The  pres.iure  of  the  reservoir  h  (Fig.  i6;)  can  be  increased  by  placing 
another  reservoir  above  u,  and  connecting  n  with  it  ;  similarlv  the  k.  m.  v. 
in  a  circuit  may  be  increased  by  placing  two  cells  in  series.  The  diflerence 
of  [Jotentials  in  the  cell  determines  the  pressure  or  k.  m.  p.,  and  therefore 
also  the  quantity  of  electricitv  flowing  for  any  given  time  through  any 
cross  section  of  a  circuit.  If,  therefore,  we  connect  several  cells  we  increase 
the  electromotive  force  and  increase  the  current  ;  in  other  words,  the 
intensity  of  the  current  increases  with  the  E.  M.  f. 

The  magnitude  or  intensity  of  the  current  depends,  however,  upon 
something  else.  In  the  water  circuit  it  depends  on  the  connecting  pipes  ; 
the  wider  the  pipes  the  greater  the  flow,  and  the  smaller  the  pipes  the  less 
the  flow  with  the  same  pressure.  Similarly  the  magnitude  of  the  electric 
current  dep';nds  on  the  connecting  wires.  It  has  been  mentioned  that 
different  substances  conduct  electricity  differenth',  and  therefore  the  quantity 
of  electricity  passing  per  second  from  one  point  to  another  depends  on  the 
physical  prop<^rties  of  the  wire  or  conductor  joining  the  two  points,  when  a 
constant  difference  of  potentials  is  maintained  between  them. 

The  law  underlying  the  phenomena  was  discovered  by  (i.  S.  Ohm, 
and  has  been  verified  since  his  time  by  thousands  of  experiments.  It 
asserts  that  the  ratio  of  the  difference  of  potential  between  two  points  to 
the  current  passing  along  the  conductor  connecting  them  is  a  fixed  quantity 
provided  the  other  conditions,  such  as  temperature,  etc.,  remain  unchanged. 
If  the  difference  of  potential  be  small,  the  current  in  the  connecting  con 
ductor  is  small,  and  if  the  difference  of  potential  be  increased  the  current 
increases  proportion- tely.  This  fixed  ratio  is  called  the  resistance  of  the 
conductor,  and  is  as  much  a  ph\-sical  property  of  the  conductor  as  its  weight, 
specific  gravity,  colour,  etc. 

Thus  we  have  : 

difference  of  potential 
current 


resistance  = 


or,  resistance  = 


I-.   M.    I- 


(for  part  of  a  circuit)  ; 
(for  the  whole  circuit). 


current 
This  last  equation  may  by  transposition  be  written  : 

K.  M.  F. 

current  =  — ■ 

resistance, 

which  is  the  form  in  which  the  law  is  most  frequently  stated.     Althougli 
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electric  resistance  bears  some  aiialci>;y  to  iiicLlianital  frictional  rcsistaiue, 
it  is  in  reality  a  physical  iiuamity  of  a  very  liilFcreiit  kimi,  ami  the  analogy 
must  thcrctore  not  be  |ni>liecl  too  !ar. 

It  will  coiulucc  to  defiiiiteness  it  we  at  ome  introijuce  the  it.i/nrs  ot 
the  practical  units  of  k.  m.  k.,  current  ami  re-istance,  leavini,'  ivvcr  their  exact 
delinition  until  we  have  developed  the  subject  turthcr.  Wi-  have  already 
'|iage  \:2)  had  occasion  to  refer  to  the  practical  unit  of  k  m.  k.  and  ot 
potential-dilTerence  .-.s  the  volt.  The  cnrrespondini,'  practiLal  unit  of 
current  i^  known  as  the  ampere,  and  the  practical  unit  ot  re-istance  is 
the  ohm.  It  will  be  noticed  that  all  these  units  are  named  after  celehrateil 
electricians.  The  ecpiation  just  j^iven  is  true  whatever  units  are  emploved, 
pr.ivided  they  are  consistent,  but  for  the  usual  practical  units  it  may  be 
written : 

.  .  K.  M.  F.  in  volts 

current  in  amperes  =  — r- 

'^  resistance  iii  ohms. 


11. — RVSISTANCK    OK    WIKKS. 


We  have,  then,  tliree  factors  which  ha\e  to  be  considered  in  everv 
electric  circuit.  Let  us  now  see  upon  \hat  circum>tances  these  factors 
depend.  Let  us  take  a  Daniell  cell  haviiifj  a  certain  length  of  copper 
wire  and  a  gai  uneter  in  circuit.  The  current  will  cause  a  deflection 
of  the  needle  liirough  a  certain  angle.  If  now  we  double  the  length 
of  copner  wire,  we  shall  find  that  the  deliection  is  at  once  diminished. 
As  we  lengthen  our  wire  we  obtain  smaller  and  smaller  deflections.  If 
we  take  wires  of  diflerent  cross  sections  we  ag.iin  oht.iin  ditTerent 
deflections  ;  the  deflection  becomes  larger  the  larger  the  cross  section 
of  the  wire  inserted  ;  in  other  words,  the  thicker  the  wire  the  less 
the  resistance.  This  holds  good,  not  only  for  copper  wire,  but  for 
every  substance  inserted  in  a  circuit.  Again,  the  material  as  well  as  the 
form  has  to  be  considered  ;  if,  for  example,  we  take  one  metre  of  iron 
wire  and  one  metre  of  silver  wire  of  the  same  cross  section,  and  trv  the 
same  experiment,  we  find  different  deflections  for  each.  The  resistance 
of  a  unit  cube  of  the  material  of  the  conductor  is  called  the  .'/.<•, //iV  tesist- 
,111, r.  To  give  the  specific  resistance  of  difTerent  substances  a  unit  has 
to  be  adopted  ;  that  is,  the  resistance  of  some  substance  or  other  must 
be  taken  as  i.  If,  for  instance,  we  take  the  resistance  of  a  unit  cube  of  copper 
to  be  I.  we  shall  find  the  resistance  of  platinum  6qc),  German  silver  ica 
and  so  on. 

It  may,  however,  be  remarked  here  that  there  is  a  method  of  measuring 
specific  resistance  known  as  the  absolute  method,  which  is  independent  (>f' 
the  resistance  of  any  standard  substance.  This  method  is  now  almost 
universally  employed. 
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The   laws  of  the    resistance  of   conductors    may   now   be  collected  as 
follows : — 

1.  The  resistance  of  a  conducting  v.- ire  is  proportional  to  its  length. 

2.  The  resistance  of  a  conducting  wire  is  inferse/y  proportional  to  the  area 
of  its  cross  section. 

3.  The  resistance  of  a  conducting  wire  of  given  length  and  thickness  depends 
upon  the  specific  resistance  of  the  material  of  which  it  is  made. 

_  specific  resistance  ^  length 
~         area  of  cross  section. 


Thus,  resistance 


To  ascertain  the  resistance  of  a  piece  of  material  of  unifor;  •  cross  section 


it  is,  therefore,  necessary  to  know  its  length  and  sectional  area, 
both  of  which  can  be  ascertained  by  direct  measurement.  In 
addition,  however,  the  specific  resistance  of  the  material  must 
be  known,  and  this  can  only  be  ascertained  by  an  electrical 
measurement  or  by  consulting  tables  embodying  the  results  of 
such  measurements.  Tables  of  specific  resistance  will  be 
given  in  a  later  section  dealing  with  methods  of  measure- 
ment. 

III. — CCX.VEtTIXd    UP   BATTERIKS. 


Two  or  more  cells  joined  up  in  any  way  to  work  together 
are  technically  known  as  a  battery.  The  laws  with  which  we 
have  familiaribed  ourselves  enable  us  to  connect  single  cells  with 
each  other,  to  form  such  batteries,  in  the  most  advantageous 
manner.  There  are  several  methods  which  may  be  followed  ; 
the  usual  way,  as  shown  in  Fig.  i6()',  is  to  connect  the  electro- 
negative metal  of  one  cell  with  the  electro-positive  metal  of 
the  next  cell,  and  so  on.  In  this  and  the  next  three  figures  the 
iinc,  or  elociro-positive  plate,  is  represent'id  by  the  broad  shaded 
double  line,  whilst  the  copper,  or  the  electro-negative  plate,  is 
Fig.  i6c.lceiu  represented  by  the  narrow  unshaded  double  line.  The  electro- 
in  Series.  positive  plate  has  the  negative  pole  of  the  cell  attached  to  it, 
whilst  the  electro-negative  plate  has  the  positive  pole  attached  to  it.  The 
arrangen^ent  of  cells  in  Fig.  160  to  form  a  battery  is  known  as  a  '^series'' 
connection.  The  electrical  current  flows  here  in  the  fluid  of  the  first 
cell,  the  lowest  in  the  figure,  from  zinc  to  copper  ;  through  the  connecting 
wire  to  the  zinc  of  the  second  cell,  whence  it  flows  to  the  copper  of  the 
second  cell  ;  then  to  the  third  cell,  and  so  on,  until  the  last  cell  is  reached, 
when  it  leaves  the  copper,  flows  through  the  external  circuit,  and  back 
again  to  the  zinc  of  the  first  :*.-ll.  When  the  entire  current  flows  through 
every  member  of  the  jircuit,  as  in  this  arrangement.  Ohm's  law  becomes  : 

sum  of  all  the  E.  m.  f.'s 


Current  = 


sum  of  all  the  resistances. 


Co/rxECT/xc   I'p   Batter  IBS.  ,«, 

The  resist«nce  consists  of  the  resistance  of  the  cells  and  the  resistance 
of  the  external  c.rcu.i.  If  c  be  the  current,  e  the  electron,  ,tive  force  of 
one  cell,  r  the  external  resistance,  and  /  the  internal  resistancVof  one 
cell,  then  for  the  value  for  the  current  with  one  cell  we  have 


c  = 


K 
K  +7 


If  now  we  connect  six  cells  as  shown  in  our  Fig.  i6b,  we  get : 

R  +  6/ 

rtfthn!  T  'l''  '^\  '"""''   '"'^'^"^^  "  ^«  ^'"-»   co-npared  with  the 
rest  that  .t  may  be  neglected  without  appreciable  error,  then 

6e 
6/  ' 


c  = 


:  or,  c  =  j 


rr"f»r 'vS'  *'  '""»'  "'  '"  '"  ""=  ■»  --  '"  "'i'  P".-.ar 


case,  the  same  value 
as  for  one  cell  ;  in 
other  words  :  IVien 
we  use  an  outer  circuit 
of  very  small  resist- 
ance, the  current  is  not 
increased  iv  increas- 
ing the  number  of  cells 
in  series. 


;L_^ 
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Fie.  >«,-.— CelU  in  ParaHel  Coaneclian. 


Let  us  consider  what  happens  when  the  opposite  is  the  case,  and  the 
external  resistance  is  very  great  compared  with  that  of  the  batterv.  We 
can  now  neglect  the  resistance  of  the  cells,  and  we  get : 

K  R 

From  this  we  see  that  by  arranging  our  six  cells  in  series  we  increase  the 
current  sixfold  ;  ,/  is  advantageous,  therefore,  to  arrange  the  cells  in  series 
when  the  exttmal  resistance  is  considerable. 

Cells  may  also  be  connected  with  each  other  as  shown  in  Fig  i6- 
Hcre  all  the  copper  plates  are  connected  with  one  wire,  and  all  the  zinc 
plates  with  the  other  wire.  Such  a  battery  is  equivalent  to  one  cell  with 
six  times  the  original  surface  ;  the  E.  m.  f.  is  not  increased,  btu  the  internal 
resistance  is  diminished  to  Jth  of  the  original  resistance,  as  the  current  fl<.ws 
through  a  cross  section  six  times  as  large.  This  arrangement  is  known 
as  the  connection  of  cells  in  parallel. 

The  c  irrent  = e.  m.  p.  (of  one  cell) 

external  resistance  +  |  internal  resistance  (of  one  cell)' ; 


or.  c  = 


R  + J/ 


1 
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Neglecting  external  resistance,  \vc  get  : 

K  E 

Therefore  xvhen  the  external  resistance  is  hut  slight,  the  current  is  incrensed 

hv  juiuing  the  cells  in  panxllel.     Wl.eii,    however,    the   external   resistance 

is  very   larj;e,  the    internal   resistance  ni.ay  be  neglected,  and  we   get    the 

following  equation,  which  is  the  s;'.ine  for  oi.e  eell  as  for  a  number  : 

I- 
c  -    - 

K 

Hence  the  increase  <if  cells  in  paraUel  {irrcinc^ement  docs    wit   increase  the 
cnrrent  when  the  external  resistance  is  cdusiJerahle. 

The  four  equations  which  we  have  now  obtained  are  important,  as  they 
enable  us  to  arrange  the  tells  so  as  to  obtain  the  most  favourable  results 

under  different 
conditions  as  re- 
gards the  external 
circuit.  Cells  are 
arranged  in  series 
when  the  resist- 
ance of  the  ex- 
ternal circuit  is 
great,  but  in 
parallel  when  the 
resistance  is 
small.  Between 
the  great  and 
small  resistance 
we  may  have 
intermediate  con- 
ditions.    In  these 

conditions  we  make  use  of  both  the  parallel  and  series  arrangements,  the 
rule  being  to  arrange  the  cells  so  that  the  internal  resistance  of  the  battery 
is  most  nearly  equal  to  the  external  resistance.  When  this  is  done  we 
obtain  the  maximum  current  from  the  cells  through  the  given  external 
resistance.  Figs.  iti>  and  i6ii  represent  such  mixed  combinations  of  cells. 
For  Fi  we  should  obtain  the  following  formula: 

Current  = 


Fin.  ■* 


DcHs  in  Double 
Circuit. 


Fig.  iiS  J,— Ctlls  in  Triple  Circuit. 


For  Fig.  i6o  we  get 


Current  = 


R  -l-i/ 

2  K 


In  obtaining  these  formulae  we  have  to  remember  that  the  f.  m.  f.  of 
the  battery  is  that  of  a  single  series  row  {i.e.  3  e  in  Fig.  i6s  and  2  E  in 
Fig.  i6g),  whilst  the  internal  resi.^tance  is  that  of  one  of  these  single  rows 
divided  by  the  number  of  such  rows. 


!  I 
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Up  to  the  present  wc  liave  ilibcusaol  the  arrangements  of  difTerent 
cells  witli  a  Mnglc  and  simple  external  circuit  ;  but  the  latter,  too.  may 
be  divided  into  branches  or  loops.  The  simplest  arratiijement  i>  obt.iined 
when  all  the  p.irts  of  the  circuit  lie  so 
that  the  total  current,  without  dividint;, 
can  flow  through  them  all.  Fig.  1711 
rejire^ents  such  a  circuit  ;  here  the 
ieiKirate  parts  a  I'.  /<  c\  and  c  ,i  of  the 
circuit  are  so  connected  with  each  other 
that  each  part  allows  the  whole  current 
an  undivided  passage.  The  current  here 
has  to  flow  through  one  part  after  the 
other,  and  to  pass  through  a  resistance 
which  is  the  sum  of  all  the  resistances 
of   the    separate    parts   in   the   circuit 


FlK-  I  "  . — A  Simi'le  Circuit. 


-    --I r ^    ^..^u...     The    parts    of   a    circuit    m  \v   al-.o 

be  arranged  in  parallel  as  well  .as  in  series;   Figs.  171   ai:d  17:  show  sich 


O 


fig.  171.— Divided  CireuiL 
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Fig.  173.— Divided  Water  Circuit. 


1-  '.— Divitieil  Circuit. 

arrangements.  In  Fig.  171 
the  wire  a  h  divides  into 
si.x  branches.  In  Fig.  1 7.' 
two  wires  run  parallel 
with  each  other  from  the 
battery,  having  other  wires 
joining  them  across  the 
circuit.  Such  arrange- 
ments are  called  divided 
circuits  ;  and  tlic  sum  of 
the  currents  in  the  dif- 
ferent branches  of  the 
the   undivided   conductor. 


must  be  equal  to  the  whole  current    in 
us    compare    the   behaviour    of   the    branch    currents    with    water 
through   the  system    of  pipes   shown   in    Fig.    17;.      Water  flows 
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through  the  pipes  a  b  ami  c  d  in  the  direction  indicated  by  the  arrow- 
heads. Tfie  two  pipes  are  connected  with  each  other  b\'  a  series  of  pipes 
I  to  6,  and  water  from  ah  is  cunducted  through  these  six  pipes  to  c  D. 
The  greatest  amount  of  water  will  flow  through  that  pipe  which  ofTers 
the  least  resistance,  and  the  quantity  of  water  that  flows  through  the  whole 
series  of  pipes  must  be  equal  to  the  quantity  which  flows  through  the 
cross  sections  at  A  and  D  (assuming  that  the  same  amount  of  water  enters 
A  that  leaves  d).  If  the  pipes  from  i  to  6  have  all  the  same  dimensions, 
then  through  each  of  these  pipes  equal  quantities  of  water  will  flow  ;  it 
follows  that  the  resistance  which  the  water  from  a  b  encounters  diminishes 
with  the  increase  of  the  number  of  pipes  between  a  b  and  c  n.  The  resist- 
ance is  reduced  to  Jth  when,  instead  of  communication  by  one  pipe,  there 
are  six  of  the  same  size.  Here  the  current  of  water  is  analogous  to  the 
electric  current.  The  current  in  the  circuit  represented  in  Figs.  171  and 
172  depends  upon  the  resistance  of  the  separate  branches  i  to  6.  The 
passage  of  the  current  is  facilitated  by  increasing  the  number  of  branches 
in  the  circuit,  consequently  the  total  resistance  of  the  entire  circuit  is 
thereby  proportionally  lessened.  If  the  branches  from  i  .0  6  are  of  equal 
dimensions,  they  will  form  together  a  resistance  which  will  be  Jth  of  that 
of  a  single  branch.  If,  however,  we  were  to  arrange  the  si.\  one  after  the 
other,  as  shown  in  Fig.  170,  we  should  increase  the  resistance  sixfold. 
This  dilTerence,  then,  in  the  behaviour  of  conductors  in  a  circuit,  according 
as  they  are  arranged  in  series  or  parallel,  has  to  be  as  carefully  considered 
in  practical  applications  of  electricity  as  the  arrangement  of  cells  or 
generator^  in  a  battery. 

When  the  branches  are  not  all  of  the  same  resistance  we  may  obtain 
a  more  gt'eral  rule  as  follows.  Let  us  call  the  power  to  convey  the 
current  either  in  the  water  circuit  or  the  electric  circuit  the  conductivity  of 
the  pipe  or  wire,  so  that  conductivity  is  the  reciprocal  of  resistance.  The 
better  the  conductivity  the  less  the  resistance,  and  vice  versd.  Now  the 
following  rule  is  evidently  true.  In  a  divided  channel  the  conductivity 
of  the  wh' le  is  the  sum  of  the  conductivities  of  the  branches.  If  c  be 
the  total  >nductivity,  and  r  the  total  resistance  of  the  divided  portion 
of  the  circuit,  and  c„  c„  etc.,  be  the  conductivities  of  the  branches,  and 
r„  r„  etc.,  the  resistances  of  the  same, 


then   c  =  c,  +  c,  +  c,  +  c,  +  c, 


+  ^.; 


hence  —  =  — 
K      ;-, 


I         I  I         I 

+  r  +  r  +  r  +  -+- 
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If  there  are  only  two  branches  : 


then  - 
R 


n 


I  r,  r, 

—  :  or  R  =  — !— ^ 
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Or,  in  words,  Ihf  f,,inl  r<sist,i„(e  of  a  divided  anuit  of  tii-o  conductors  is  ,^u,it 
to  the  product  of  the  two  separate  resistances  divided  h  thetr  sum.  Tl.is  rule, 
however,  only  applies  to  t-.vo  branches  ;  when  there  are  more  than  two 
equation  (a)  must  be  used.  The  branch  of  a  divided  circuit  which  is 
added  to  reduce  the  current  in  the  other  branch  is  tcch-'caWy  called 
a  shunt.  ' 
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CHAPTER    V. 
T^E  aiF.MICAL   Ell'I.CT  OF  THE  CURRENT. 

I. — KfSDAMHNI'AI.     I'HKNOMI-NA. 

In  summarising  the  cliicf  tficcts  ot  cdiitiiiuniis  electric  currents  on 
p;ij;e  14+  we  liave  (iescribed  the  chcniicai  eflect  thus  :  "  If  the  Cdnductur 
be  a  liquid  which  is  a  chemical  compound  of  a  certain  class  called  elec- 
trolytes the  liquid  will  be  decomposed  at  the  places  where  the  current 
enters  and  leaves  it."  We  have  now  I'  deal  with  the  quantitative  'aws 
of  the  action,  laws  which  in  the  main  are  beautifully  simple,  thouj^ii  im- 
plicated by  external  causes  in  minor  detaiK. 

Historical  Notes. — Pats  van  Tmstwyk  (I?"*!)  pointed  out  that  an 
electric  discharge  was  capabL-  of  decomposing  water  ;  to  show  this  he 
used  gold  wires,  which  he  allowed  to  dip  in  water,  connecting  one  of 
them  with  the  inner,  and  another  with  the  outer  coating  of  a  Leyden  jar, 
and  passing  the  discharge  through  the  water.  The  gas  bubbles  collected 
proved  to  consist  of  o.xygen  and  hydrogen  gas.  Nicholson  and  Carlisle 
(1800)  dipped  a  copper  wire  which  was  connected  with  one  of  the  poles 
of  a  voltaic  pile  into  a  drop  of  water,  which  happened  to  be  on  the  plate 
connected  with  the  other  pole  ;  gas  bubbles  appeared,  and  the  drop  of 
w.iter  became  smaller  and  smaller.  This  experiment  was  repeated  in  a 
somewhat  difTerent  manner,  the  brass  wires  from  a  pile  being  brought 
under  a  tube  filled  with  water  and  closed  at  the  top.  Gas  bubbles  were 
produced  by  the  wire  in  connection  with  the  negative  pole  of  the  pile, 
ami  the  water  was  observed  to  diminish  gradually.  At  the  positive  wire, 
on  the  contrary,  no  gas  came  ofT,  but  the  metal  lost  its  metallic  lustre, 
became  dark,  and  finally  crumbled  away.  The  gas  which  had  collected 
in  the  tu^e  proved  to  be  hydrogen;  while  on  examining  the  black  mass 
it  was  found  that  the  constituents  of  brass,  viz.  copper  and  zinc,  had 
become  oxidised. 

By  electrolysis,  Davy,  early  in  the  nineteenth  century,  first  obtained 
potassium  and  sodium  from  their  o.xides.  He  heated  potassium  oxide  in 
a  platinum  spoon  till  it  melted,  used  the  platinum  spoon  as  a  positive 
electrode,  and  put  into  the  n.olten  potassium  oxide  another  platinum 
wire,  which  represented  the  negative  electrode.  At  the  negative  elec- 
trode, metallic  potassium  was  separated,  and  of  course  at  once  took  fire, 
and  at   the    positive  electrode  c'xj-gcn  was  given  ofT.     Davy  also  obtained 
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potassium    by   brini-inK    ^lij-htly   .n.-istciiccl   pot.,^,ulm   oxide   between   the 
elect  re  hIis. 

Secbtck  ..ht.iined  potassium  in  the  loll.nviin;  rn.m.Kr  :  A  piece  of 
solid  pot..«u.m  oxide,  i.i  xvhicli  a  h..io  is  made,  i,  laid  upn,,  a  niat.nuin 
plate  Nerv.nK  a,  a  positive  cicetn.do.  The  hole  in  the  putav^iun,  ox.de 
IS  tilled  with  mercup,,  and  into  if  a  platiinun  wire  is  bn.nyht,  t,.  serve 
as  a  negative  eiectn.de.  As  >....„  as  the  circuit  is  completed  the  .epiri- 
t.on  cu,nn,ences  at  the  negative  electrode.  Metallic  p.,t..ssium  l.rms 
with  the  mercury  a  kind  ot  anul^am,  tr,.m  uhich  ,t  is  ..htained  pure 
after  the  mercury  is  driven  otT  by  di>tm,,t„n..  Sulium,  cluum.  ha.'uni. 
and  strontium  may  be  obtained  tn-m  their  compounds  m  a 
simil.ir  manner. 

The  o.Mdes  of  the  heavier  metals  can  be  decomposed  by 
the  electric  current  only  when  they  can  be  ma.le  to  eondua 
electricity.  Farad  ly  decomposed  proto.udc  ..f  lead  by  tust 
nu:;u)K  it  and  then  passing  a  current  through  it.  '  Lead 
separ.ited  out  at  the  nefiative.  and  o.xy^en  was  given  ofT 
at  the  positive  electrode.  The  halogen  compounds  (salts  of 
chl.inne.  bromine,  and  iodine)  are  similarly  decomposed  by 
the  electric  current  ;  the  products,  however,  act  on  metals 
and  It  IS  therefore  necessary  to  make  the  positive  electrode' 
at  least  of  c.rbon.  The  simplest  way  to  obtain  chlorine 
bromine,  and  iodine  from  their  compounds  is  to  have  a  carbon 
crucible,  which  is  made  the  positive  electrode  ;  and  an  ii  ,n  wire  which 
serves  as  the  negative  electrode.  The  wire  is  removed  from  time  t,.  time 
to  scrape  off  tlie  separated  metal. 

To  obtain  magnesium,  Hunseii  used  a  porcelain  crucible,  which  was 
separated  mto  two  portions  by  a  partition  which  did  not  quite  reach  to 
the  bottom.  The  crucible  had  a  lid  with  tw.,  holes  in  the  centre  of 
each  portion  to  hold  the  electrodes,  which  consisted  of  pure  crbon 
Ihe  form  given  to  the  electrodes  is  sh<.wn  in  Fig.  174.  To  prevent  the 
magnesium  rising  to  the  surf.ice,  where  it  would  burn  aw.iy  (as  it  is 
ighter  than  chloride  of  magne=ium),  grooves  are  ma.le  in  the  electrode, 
to  hold  ,t  and  allow  it  to  collect.  For  the  electrolysis  10  or  iz  Mui.sen 
cells  arranged  in  series  were  used. 

Nomenclature.~lt  is  to  Faraday  that  we  owe  the  establishment,  in 
1S33,  of  the  fundamental  laws  of  the  chemical  effect  of  the  current  on  a 
firm  quantitative  ba,is.  and  the  obligatio,.  is  increased  by  the  concise 
nomenclature  that  he  devised  in  connection  with  every  part  of  the  nhe- 
nomena.  He  named  the  jiroccss  electric  am.hsis,  or  more  briefly  elec- 
trolysis, since  from  what  we  have  said  it  is  obvious  that  a  compound 
may  be  analysed  by  the  disintegrating  action  of  the  current.  The  compound 
to  be  decomposed  is  called  the  electPOlyte.  and  the  poles  or  pla'e.  bv 
winch  the  current  enters  and  leaves  the  electrolyte  he  called  the  electric 
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ways  or  electrodes.  ri>c  punitive  clcctnxlc.  or  tlut  by  which  the 
current  filters,  he  tallca  the  aPOde.  ami  the  negative  elcctroile,  or  that 
by  which  it  leaves,  the  kathode.  The  products  of  electrolysis  he  called 
Ions  (/.c.  the  things  which  travel),  that  Riven  ofT  at  the  anode  being  called 
the  anion  and  that  at  the  katiiode  the  kathlon.  The  whole  arrange, 
a  Volta-fU-ctrnmeter,  or  more  briefly  a  Voltameter,  in 
honour  of  Volta,  whose  discoveries  form  the  starting 
point  of  the  phenomena  connected  with  the  electric 
current. 

It  will  be  observed  that  the  conditions  for  successtul 
electrolysis  are  that  the  conductor  should  be  a  lnjuid 
and  also  a  ch.miail  cnmpwnd-  This  excludes  from 
the  list  all  liquid  or  molten  metals  which  are  elements, 
and  the  further  condition  th.it  it  is  to  be  an  fkctrtlyU 
excludes  the  metallic  alloys  through  which  the  current 
flows  as  through  solid  conductors.  Lastly,  it  should  be 
noted  that  the  evidences  of  chemical  action  are  only  to 
be  found  at  "///<>  place  where  the  current  enters  and 
leaves  "  the  electrolyte. 

The  earliest  observation  made  appears  to  have  been 
that  of  the  decomposition  of  water  in  the  manner  already 
described.  A  modern  piece  of  apparatus  for  this  experi- 
ment  is  shown  in  F"ig.  175,  in  which  the  platinum  elec- 
trodes p  and  !•'  are  placed  at  the  bottom  of  two  upright 
tubes  o  and  H,  and  are  connected  to  the  terminals  T 
and  t'  bv  platinum  wires,  which  are  fused  through  the 
glass  of  the  tubes.  These  tubes  have  glass  stop-cocks 
s  and  s'  at  their  upper  ends,  and  at  their  lower  ends 
are  connected  bv  a  short  glass  tube,  from  the  centre  of 
which  rises  the  large  central  tube  which  expands  into  a 
bulb  at  its  upper  end,  which  is  open  at  the  top.  The 
three  tubes  can  be  tilled  with  acidulated  water  from  the  central  tube, 
the  previously  contained  a.  being  allowed  to  escape  through  the  stop- 
cocks, which  are  afterwards  closed.  If  it  be  so  fjlled.  and  the  terminal  T 
be  attached  to  the  positive  and  t'  to  the  negative  pole  of  a  suitable  battery, 
bubbles  of  gas  will  be  observed  to  rise  from  the  plates  p  and  p',  and  finding 
their  way  to  the  top  of  the  respective  tubes,  will  displace  the  liquid,  which 
will  be  driven  into  the  open  central  tube.  On  examination  it  will  be  found 
that  the  gas  rising  from  the  anode  p  is  oxygen  (O),  and  that  rising  from 
the  kathode  i>  is  hydrogen  (H).  If  the  tubes  are  graduated,  the  latter  will 
be  found  to  occupy  about  twice  the  volume  of  the  former.  The  proportion 
would  be  rigorously  2  to  i  were  it  not  for  the  diflferent  solubilities  of  the 
two  gases  in  water,  oxygen  being  the  more  soluble  of  the  two,  and  therefore 
appearing  to  be  deficient  in  quantity. 


Fi(.  17%— Hofffitinn*!^ 
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If  the  water  i.  .tn.MKlv  .,aaui..t.,l  wU,   US....  ,| v,^,,.,,   ,„„|,.r^,„., 

a    tuniK,    n,n.|„K..fo„.   (..r.n.nu   ../,.Me.     U„.,h     „  .„skc„   m,  ..    .,,„.Un-ol 
tonditu.n.     It  „  prndiKc.l  ...  o.,n|ur..t.vdv    Lu^c  .).....>.,...,  |,v  th.'  .ut,..„ 

.'    tlcxtr.cl   .l„cl...r«c>  tl,ro„.|,    ,,xx«u,      TIk-  .,//,.,;/  a.,J,arKc  i,   I..,    ...,.re 
i-ttcct.vc   ...    l,r..,nmK  .,l,.,„t    tl,„   t>,n.v,.,„utio„   ,|,,.„    ,|„.    ,,,,„|.   a,,,  [,  „ 
.•\co.rJ,„r  ...   .Mc..l,.>Kfr  ,..„1  Sd.u„lH„.,  the   v..lun.c.   „f  .  .   ,n..v   W  lur.l,.-,' 

rcluccl.    u..dcr    cert.,...    o...,l.t,n,„,    ,,ul    ,.,„,tl.cr     pnulua    t,„,„,,l    .lur.Mi; 
dccom|K.s,:,„n.   v,/.   H_....  .hv.ln.K.,,  (e.-xuk).     H.o,  d.h.tol  .u.l,  w  .tcr 

.s  ....  ...x.d.M.,K  liq..i.I,  .....1  .,  u^ol   l„r   v,.r.„us  pi.tpo'^c,'  i..  th.  art,      W  ucr 

cy..ta,„,.,«  a  «rc..t  pmc.taKc  oi  M.SO,  ,„  .v  |..,c  as  u^nd^  a,  oo  p.,    .c. 
"t  <  >  iiur..ig  the  »or...atio.i  nt  thi,  u.mp,.uii(l, 

Other  cW  ..t   y..lta...eter,  arc   th,.>e  ,„   which   va,,,,.,,  metaMie  plate* 
..re   used  ...r  electrodes.  a,.d  s.,I„t,..ns  .„   the  c,.r.espo,.dM.«  ...etal,  are  the 
cectrulytes       1  h..,  a  o.pp.r  v.lUnnrIn  ,nav  be   ...ade   bv  d,pp,„«  a  cuple 
ot  copper  plates  ,„to  a  Soluti,...  .„   o.pper  sulphate,  a.id' a  sLr  v.ltanLr 

by  US...K  s.lver  electrodes.  dipp..,«  „,:.,  a  soluiio..  nt  ,ilver  .„;r..to      Wl.e.i 
c..rre..ls  are   passed   throuwh    >ucl.   vulta.n.  ters.   ...etal    is   plated   out   of   the 

o     ..eta    should  be  d,s,oved  .,,r  the  a,.„de.  wl„cl.  therelore  ,'rows'li«l.tJ.^. 

J^     ull      1""   'h    .       '7""'•'\"'^•••   ""-•   I'—   '■'   '•/.v,,,,,/./,..,   ,,,uh   w.l. 
be  lulls  ilescribed  ...  the  techi.ol,,jr„.,|  stxti.... 

I.,    such    voka..,eler,    .t    should    be    „oted   that   the   apparc.t   actio,,   at 
the  ....ode  .s  a  sconU.n.  o.,e.      F,.  the  cop,,..r  vol,a„,eter,  tor  ,„,ta,.ce   the 
Che...,cal  decon.pos.t.o„  effected  hs  ;hc  .ur,e,.t  ,s  «...„  bv  the  equaUo,;' 
CuSO,        =         so.       +      Cu 
(copper  sulphate)     (M.lph,,,,,)     (coppc-) 

the  sulphionbei..g  separated  al   the  at.odc  .u.d  the  copper  at   the   katho,^ 
But  the  sulph.o,.  ..  separated   i.,   „,ti„,ate  co„uct   wah'     o.pp.      ,1  .tf  n... 
winch  .t  .,.„.,ed.ateiy  abstracts  copper  to  tor.n  copper  sulphate         '         ' 

I.,  the  water  voltameter  .Fis.   ,7.,  we  had  ..o„.cor n.diblc  electrodes  of 
F1.U...U....  a.,d  the  gases  .or..,ed  accordi..g  to  the  equatio,,  ^'^^'^"^"  ^^ 

H,0     =     0         ^       i,^ 

(wa'.er)     (oxvyeil)     ihydrojreli) 
at   o„ce   appear  on   the  sur.aces  o.   the   platu.um.      I,    the   copper  a.iode  ir, 

vvhch    the    sulph.o,,   ca..„ot    co,„bi„e,   the   latter    will    at    o..ce  act     h.,m     . 
..'.olecule  o.  water  i,.  the  solutio,,  accordi,,^.  to  the  euuat,,,,,  ' 

SO,    +    \\p    =    nso^      +      o 

(sulphion)     (wate.)     (sulphuric  acid)     (oxy,,'e.i) 
and  oxviTt'ii    wtl!   I^,.  ..i\,...   ,.o-   _.    ,1  , 


104 


r.l.F.CTRXlTY   /.V    THF    SERVICE    OF   .I/l.V. 


with  which   the  water  is  acidulated,  md   that  the-  oxygen  is  the  pmducr. 
ot   a   •-ecdiularv   action   similar  to  the  above. 

In  the  historical  notes  (page  i,:i  we  have  already  referred  to  the 
decomnoMtion  of  the  halogen  compounds  (chlorides,  bromides,  and  iodides) 
bv  the  current.  The  fused  salts  in.iy  be  used,  but  the  chlorides  of  tin, 
lca<l,  and  manganese  can  be  decomposed  when  in  solution,  though,  as  a 
iiile,  the  solution,  of  compounds  of  chlorine,  bromine,  and  iodine  have 
to  be  very  concentrated. 

II. — LAWS    OF     KLKi  TKOI.VSIS. 

Far.iday,  to  whom,  as  has  been  alre.uly  remarked,  we  owe  the 
foundations'  of  quantitative  knowledge  reg.irding  electrolvsis,  sums  up 
the  results  of  his  experiments  in  the  following  general  statement,  which 
includes,  either  explicitly  or  implicitly,  the  various  laws  :— "  F;i  a  ,:nsl.int 
quantity  o>  electricity,  whatever  the  dcc.m[><,sing  conductor  mav  he,  whetlier 
water,  saline  S'.lnti'm-,  acids,  fused  b'.'Ues,  etc.,  the  amount  of  electru-chamcal 
acti',n  IS  also  a  constant  ,/iiautitv,  i.e.  would  alicavs  be  eqmralnit  to  a 
standard  chemical  effect  tounded  upon  oidiuarv  chemical  affinityr* 

Before  giving  the  formal  laws  involved  in  this  statement,  a  !ew  pre- 
liminarv  observ.itions  are  necessary.  Modern  chemistry  assigns  to  each 
of  the  elements  or  bodies  which  it  cannot  further  decompose,  not  onlv  a 
symbol  for  the  sake  of  brevity,  but  al=o  a  number  known  as  the  "  com- 
binin.r  wei-ht"  or  the  "atomic  weight.  The>e  numbers  arc  supposed 
to  represent  the  relative  weights  of  the  elementary  atoms,  and  are  founded 
upon  the  experimental  f.icts  that  the  elements,  in  combining  with  ..ne 
•mother  to  form  compound  b.ulies,  do  so  in  the  definite  proportions  which 
are  represented  bv  these  numbers  or  are  multiples  of  them.  Thus  chlorine 
and  pot.issium.  in  combining  to  form  pota.sium  chloride,  do  not  combine 
in  anv  haphazard  wav.  but  always  in  the  definite  proportion  of  355  parts 
ol  chlorine  to  ^Q  parts  of  pota-sium,  and  if  one  of  the  ingredients  present 
is  in  excels  of  this  proportion,  the  quantity  in  excess  remains  uncoinbiiied. 
Sitnil.ulv,  w.iter  is  always  formed  of  2  parts  by  weight  of  hydrogen  com- 
bined with  It)  parts  bv  weight  of  oxygen. 

The  various  elements,  however,  are  not  all  "equivalent"  in  tluir  com- 
bining power.  riui.,  whilst  hydrogen  alw.ivs  combines  with  chlorine, 
bromme,  or  iodine  in  the  ratio  of  the  atomic  weights,  when  it  combines 
with  oxygen  or  sulphur  two  atoms  of  hvdrogeii  are  required  for  the  (-ne 
atom  of  .vvgeii  ..r  sulphur.  In  'ibining  with  nitrogen,  three  atoms  ot 
hvdrogvn  ..re  required  for  one  .  .litrogeii,  and  with  carbon  four  atoms 
of  hvdr..geii  for  one  of  carbon.  Tims,  although  the  atomic  -.ccidits  of 
hydrogeir  .md  oxvgea  are  1  and  u>  respectively,  tiie>e  bodies  do  not 
combine  in  this  proportion,  but  in  tlie  proporiidi  of  2  to  ib.      1  he  ..tomic 
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'icinntf  amount   of  .-l.-.-fr'    ..     '.'■'-, ""•^-         ^ '^'-    st-'t^nicnt    ..'hrms    tli.it   ;, 

;-  .'tiK.  d.a,„,vte.  Hav!n«  tin.  h::''o  "1 ';:;!;;;;;:':;"  r^:«"v" 

tlif  unit  current  would   he  thit  r„rr  .„,      i  ■  .  q"''>'tit\  ot   tlcatricitv, 

Pcr^co.nd.Mnceon"    .con.   r  '  "■'""''  ''""^■^■^■^"''   "'^-  >"":  ^i""'t,ty 

--  gallon   had  !   •  „     ^    ^  "    .;7      '"'"^  '"  ''''''''  ^"''''■"-'  "'   ^^'-^  *' 

-.a,ion,.r..cond.^':;:^r;i;;!:,;::;,:;;r"''^°'--'- 

-■nHdcration.,  an      tL-orJ    t      '"''I         'Z""' '■■""  '^^■^"  ''-''  '-'  «"'l.cr 
■'I  one  ampere  must  convev  unit  aranti.v  .  ''"^   """   ^""^"' 

''-^-n,,,|,au,ecoulomb     to'     V  J^^"  ^^'r'' ■-'"''  ""^  -'^'  ':""""v 

tl-c    an,ou„t    o,    eiectr   -du-mie       ;    '       ""''''  ^"  '^'•"""'  '-''-^-ivtHallv  bv 

.™''"?^,  °i;!?i^?nS  °'  ^•«?'^«^^y-«-  coulomb . ... 

iiiiit- :—  "  '    "'"'^   '"   'Icaiins    with    eleUri^al 

Definition  of  Unit  Electric  Current  -A  ,„„■•„,    , 
■'  ;.  i-ny  anrr,u .,  one  coulomb  per  second  1. J,  //     ;'""  ^^^^  " 

niikt  the  ordinary  chemual   cqun.denu, 


•  Dtbcnlxd  in  Chij.it,    IX. 
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whidi  are  mere  ratios,  it  is  a  ,ir/i,„te  weight.  Correspuiulini;  weights  can  be 
tabulated  tur  the  other  elements  ;  their  ratios  will  be  those  ot  the  chemica 
equivalents,  but  thev  will  be  the  actual  amount  of  the  element  (or  v>,i)  acteJ 
upon  by  the  pa>>age  of  one  coulomb  ot  electricity.  These  weiglr.a  are  given 
in  the  following  cable,  in  which  for  cu.venicnce  the  chemical  equivalent,  .ire 
included.  The  elements  printed  i.i  italics  are  electro-negative,  and  will 
appear  at  the  anode  of  a  voltameter  ;  the  others  (the  metal,)  are  electro- 
positive,  and  will  appear  at  the  katho  ie. 

Table  v.— ElectroCiikmical  Eouivai.in  is. 


Hydrogen 
Ntlrp^fU*... 

Oxyicit      

Aluminium 
Magnesium 
Calcium     . 
Sodium 
iron  (ferrous) 
,,     I  ferric) 

Coluli        

Nickel       

Coiiper 
Zinc 

Chlorine 

Potassium... 

Tin  

Bromine    ... 
Mercury  (mercuric) 
,,         (mercurous) 

Lead  

Silver        

lodute 


1            Chtmic.il            1 

Klectro-Cfiemical 

Equivalent. 

K<tuivalem. 

■00001058 

j;r.imu>e. 

93 

■OOOO4S1 

., 

16 

•OOO0S2.S 

18 

•oooci;.: 

24 

•000124J 

.. 

40 

•0OOJ;l7O 

•  • 

46 

•CK>jj;S 

.. 

56 

•0002S9 

37-3 

•000 1').; 

•  ■ 

59 

•000305 

»t 

59 

■000305 

.. 

63 

•000.526 

•  • 

655 

•oooj.^q 

•  ■ 

707 

•ooo3«j6 

78 

•000404 

•  • 

iiS 

•000011 

,, 

■595 

•000825 

.. 

200 

•00104 

,, 

400 

•00208 

.. 

207 

•oi)io7 

.• 

216 

•001 1  iS 

.> 

»53 

•00130 

" 

i  f 


•  Tlie  names  printed  in  italics  iiiJlcite  nan-metallic,  or  eltctra-Hrgalive,  bodies. 

With  reference  to  this  table  and  the  rem  trks  which  precede  it,  it  should 
be  carefully  noted  that  the  amount  of  chemical  action  is  independent  ot  time 
and  that  time  does  not  explicitly  enter  into  the  definition  of  the  coulomb. 
In  other  words,  a  small  current  passing  for  a  long  time  can,  theoretically, 
produce  a,  great  an  electrolytic  effect  a,  a  large  current  of  short  duration. 

We  are  now  in  a  positit)n  to  state  Faraday's  laws  in  greater  detad  and  on 
the  whole  in  a  more  convenient  torm  : — 

Law  I.— The  quantity  of  an  ion  liberated  in  a  givtMi  time  is  proportional 
to  the  total  quantity  of  electricity  that   has  pa^sed  through  the   voltameter 

in  that  time 

Law  II. The  quantity  ot  an  ion  liberated  in  a  voltameter  is  probirtional 

to  the  electro-chemical  equivalent  of  the  ion. 

Law    III.— The  quantity   ot    an   ion    liberated  is  equal  to    the  electro. 


t'fil 
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chemical  equiv.dent  of  the  /.;;  .n..lt,,.l,c>i  hv  tiu'  total  quantuv  of  dcctricf 
th.it  h:\.  p.is»ed  tIirou,i,'li  the  voltiii-kter. 

To  calo.L.te  the   wci.i^ln   of  .n  y  /■•'/   lihcr.itol    in   ..   vltaiiu tcr    we    lu.ve 
tiiercN'ie.  the  t-iiu.iti.ui  : 

....  ,  «'  =  ry  ,,,) 

VM.L.e  y  =  llie  (luaiititv  of  cuvtrKi!  v  ine.iMired  in  ouii.unhs. 

s  =  tlie  electro-theinicii  .■cj.a.iIliu  ot  the  i..ii, 

«•  =  the  ueiijht  hherateil  (lu  yr.mmiej). 

If  the  qu.uUitN    ..t  elearieitv  be   ,h.e  to  the    |.,.^-..:;e  ot   a   str.,./v  ouicnt    of 
C  ailipereb  lor  a  time  ot  t  sceoli>i>  we  li.ive  turtllcr  : 


and  fnmi  {,i)  .md  (/<)  :,.  =  j  ct 


This  last  equ.uion  can  ^e  u^ed  either  to  calculate  v  if  i,  r  „.d  /  be 
known,  or  to  c.dculate  c  il  ji,,  .-,  and  /  are  the  kn.nvn  quantities 

A  remarkable  point  about  the.e  laws  is  that  no  mention  is  nude  of  ,„v 
details  connected  with  the  dimensions  of  the  apparatus  ,:r  the  nuj;nitade  .,r 
v..ll,,Ke  ot  the  current.  It  is  the  pos^ibilitv  of  onnttinu  these  details  which 
ha>  .cl  t..  the  electrolvtic  deliimion  being  ad..pted  as  the  M;r/»V„/ detinui,,n 
for  the  coulomb  and  the  ampere  ^hich  depends  on  it;  for  Faiadav's  md 
sub-cciueiit  work  has  slu.wn  that  the  de!,u'>  referred  to  may  be'  vu'cd 
withm  wide  hmits,  thouRh  not  absolutelv  with  impunitv. 

.\or  is  there  any  mention  made  in  the  law.  ,-l  the  source  from  whith 
the  current  is  to  be  derived,  and  the  f.ict  that  the  source  is  immaterial  ..  ..,ie 
of  the  stron^ot  proofs  that  all  currents  of  electricity,  however  generate.l,  have 
absolutely  identical  properties. 
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III. — THKOKIKS    OF    F.I.Ec  TKOT.\SIS. 

The  beautiful  simi>licity  of  Far.idav's  laws  has  natur.div  led  t..  'he 
attention  of  philo.M.phers  beinR  directed  to  them,  in  the  h.ipe  that  -hev 
mav  when  still  further  probed,  reveal  some  ol  the  secrets  ot  nature  re,-. nj- 
.n«  the  ultimate  constitution  of  matter  and  the  nature  of  electrTcitv 
itsell.  .As  steps  ,n  this  direction,  various  theories  of  electrolvsis  have  been 
adv.mced  and  e.xperiments  deviled  in  support  or  in  critical  e.xam,nati.,„ 
of  tliem. 

'hie  ot  the  e.uliest  of  these  was  the  livpothesis  of  Grotthuss  iiSo-,,  in 
Which  he  ..ssumed  that  the  molecule.,  in  an  electrolvte  have  their  nulivi.lu  il 
electro.positive  and  electro-negative  ato.ns  ch.irged  positively  and  neea- 
t.velv  re-pecfvely.  In  an  ..dmary  liquid,  fur  instance  in  water  the 
n>..lecules  .ire  ..rran^ed  i.idiireretitlv,  like  r.nv  ,  in  Fiir.  ,7,,,  with  their 
p....,tive  and  negative  ends  pointing  in  ail  .luections.  When  the  charged 
plate.  A  .md  >,  omnected  to  tlu,  +  and  _  poles  ot  a  battery  are  inserted 
.n  the   water,  the  molecules  under  the  accioa  of  the  laws   of  electn.staic 
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action  t.irn  a.  show-.,  in  row  2.  .-  that  all  the  hyan-scn  or  shaded  ends 

(+)  are  turned  towards  the  (— )  plate   B  and  all  the  oxvgen  or  unshaded 

end.  (-)  towards  the  (+)  plate  A.     All  along  the  row  the  electrical  forces 

^  .  are   supposed   to    tear   the 
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molecules  asunder, de;ii. sit- 
ins  H  on  B  and  ()  on  a. 
The  atoms  in  the  middle 
of  the  liquid,  however,  re- 
comhine,  for  the  hydroi^en 
atoms  in  their  journey 
towards  b  meet  the  oxyj;eii 
atoms  travelling  in  the 
opposite  direction,  and  we 
get  the  state  of  afl'airs  re- 
presented in  row  3.  The 
nex  'ep  is  to  rotate  oikc 
moi      I  he  .-items  into  the 


positions  shown  in   row   z,  and   so  on.      In  this  wav  the  theorv  accounts 
for  the  products  only  appearing  at  the  electrodes  and  not  in  the  boiiv  ot 

the  liquid. 

Faraday  (1833),  adopting  in  the  main  Grotthuss's  hypothesis,  ascribes 
the  cause  of  the  successive  decompositions  and  recompositions  'to  a 
moditication  hv  the  electric  current  of  the  chemical  affinities  of  the  par- 
ticles throu.nh  or  by  which  the  current  is  passing,  giving  them  the  power 
of  acting  more  forcibly  in  one  direction  than  in  another."  F'araday  went 
still  furtlier  and  asserted  that  conduction  in  electrolytes  only  takes  place 
bv  the>e  decompositions  and  recompositions  by  which  the  elementary 
charges  of  the  atom^  .ire  carried  with  the  latter  towards  the  electrodes. 
this  transfer  of  elecli  icity  being  a  •  ■  ue  electric  current. 

I-'.uaday'.  theory  reiiuires  a  sutlicient  k.  m.  f.  to  split,  or,  as  we  u.u.illv 
sav,  to  di.sociate,  tJie  molecules,  this  E.  M.  f.  in  the  case  of  water  not  bemg 
k^sthan  1:0  voltMAwTahlel.,  p.ige  i.;:),  the  electric  pressure  of  hydiv.gen 
in  an  o.\idi'sing  medium.  But  Farad.iy  hiinself  showed  that  a  weak  current 
could  be  in.ii7itaincd  tlirough  a  water  voltaineter  for  days  by  .1  single 
Daniel!  cell  whose  F.  M.  v.  is  only  roS  volts.  Heimholtz,  howver,  sliowed 
that  this  current  could  not  be  produced  if  certain  precautions  were  taken. 
and  he  .itiributed  it  to  the  pre-ence  of  free  hydrogen  and  oxygen  dissolved 
in  the  watei . 

Cl.unius,  applying  ,1  kinetic  theory  to  the  phenomena,  assumed  tiiat 
in  a  liquid  the  individual  molecules  are  always  moving  about  with  various 
velocitie^,  which  increase  with  rise  «'f  temperature,  and  that  they  art 
incessantly  colliding  with  one  another.  Some  of  these  collisions  are 
sufficiently  violent  to  sina-h  the  molecules  into  their  constituent  atoms, 
the  litter   carrying   with   them  their  electrical  Charlies.     These   tree  atonii 
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.ac^iKuthcc,,,iaSv  dec  ;.i^ •:;:;.::  -"";^'^-l.i^.^..a  m- 1... 

winch    w<.ula    also    tend    to    i  ,  /,  \ ''■'"""^' '"  '^■'"''^■'•'^'■^'•^ 

Vni^^H  r"^'^   "''   "'•''^'^   ''•"    ''^^"    •"'■'"'-•^-  i"ve.t„,.c.l    hv   H,t,„„ 
v.m   t  Hot],  and  nuincrou,  other  workers      l-Mrtl,  .  ,     iHtt..!. 

ha.    been    adduced    lor   the    hvn.,thei,,  .t  '',"''''"'"''  ""''^'"^'^ 

throuiih    the    electrolvte    bv  i,' '  ''  "     '-''■^^^"--    ^■'''"«^'^    -'re    carried 

the  .^i.ht  and  :::^  ^ ^-\C%::^TI  -;rrrr  ''• 

cr  any  univ.dent  ion  has  been  calculated  to  t  l^^^Z^^Zlui:     V' 
charge    on    d.valent.    trivalent,    etc..    io„.    w.ll    he    ^      -  ," 

quantity.  "■    •'•    '-'^•'    '"'"■>    this 

-A   remarkable  lact   hrouL'ht  nut   hi-  .. ,,  .   i 
the    be^t-knou-n    electrolvtS     it       -rv  ^■■M'--n".cnt   „  that  so,„c  „f 

the  current,  and  r  ll!: L^  nT  ,''?"',  ^"'"""'^'  ^^•"^-  '"'  -'"''-' 
been  proved  true  tor  water        ,-  '■;-"''  '"         "   "''''■      ''"'"*    '>''^ 

vet  the  two  luter   i    d        1      T^  '"^^' "'"'  *^'''^"'"^  hvdrochloric  acd 

One  i,  that' the  presence  o^    he  uJ  ^"'   '""'"^'^   '"   ^■-^'''•''"   ^•'-■ 

ca(..cuv,  weaken  the  dectre,lT'°''T"'",  "^  '''«''  ^f'^-^"^^-  ""'-tive 
i<..>  ot  a  molecule  ar^l;,,;^'''"•:  ^^' "'"^'^  '''^'  »Pi'-telv  charged 
place  n>uch  nu,  e  ea2  U  T  '  '"^  ^'^'''^  ^.s.ocatio.,  to  t^ke 
Lnodissociatecnr  ;can.  :S"  ""r'  ^t  --— -1  that  there 
When    water    is    added     ZoJi^^  u^  '  ""''"^ '^""^ ''''  ''P  "^ '^''^^''■ 

fu,...  until  in  very  t;:"^:;..:—-^,;'  „ '--'^r, -j"  ^-^ 

diSMK-iated.  ^  '•eucaiij     ,iil    tile    molecule,    are 

Velocities  of  the   lons.-Thu,  .t  would  appe.r  tint   th.          ,       ■   • 

of  an   e.c.trolyte    depend,    upo„    the  -.citV  wul              ,      f  ^'","'"^"v'tv 

ions    carry   their    charges    tl    ,.u.h  '\      .  "'">   " '"^■''   *'^^'    ^''^-^Mted 

.peciHc    conductivity  tSe  ....  ^^L  ,       "£   "Icuh '"^■'■"  r'^'    ^"'"    ''' 

^^.nnnctre.      B^   .a;:ruri,::;::.,:!;LTr-f--/^  •-   ;-t    per 
trodes,  the  velocities  of  the  two  i,,,,,  .re  t,,   H  ■"■    '''"'  ^■'^■^- 

for   the    hydrogen    and    000-;,,^    """V",    '    f^" '  ^'>'- I'cr  second 

results    have   been   Hirther   t'e^tcd    b     L     r  ''"'   ^'''"^'"'••-      'I^'""- 

appro.ximately  correct.  •     "'    ^M-cnnent  and  found   ;.,    be 

/■/../.o.s^-Ren-nt  rcearch.^..  especially  in  connection  with  electn.  al 
<iM  har,e.  through  .a^e.  have  ,hown  ^hat  the  existence  of  l„;i;^  .l;;;;: 
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sniallrr  tli.m  atoms  w  proh.iblr,  ami  that  tlie<!e  bodies  always  carry  a 
negative  <  harge.  Profossor  J.  J.  Thninsnn  rails  these  "corpuscles" 
or  '■  <'le(  tnms  "  :  we  shall  return  to  the  subject  when  coasideriiii,' 
gaseous  discharges. 

rV. — SKroMViRV     HAITI' KIFS. 

Counter  E.  M.  F.  In  Electrolysis.— The  following  experiment  is  a 

funtlaincnt.il  ami  instructive  one.  Two  Bun^cn  or  bichromate  cells 
(Fig.  1771  are  joined  in  circuit  with  the  voltanieUr  V  and  the  galvanometer 
G.  In  this  cncuit  a  three-way  switch  is  inserteil  at  s  by  means  of  which  the  wire 
NS  can  be  connected  either  to  the  stud  n  or  the  stud  l>.  The  voltameter  V 
consists  of  two  similar  platinum  plates  i>  and  x  dipping  into  dilute  sulphuric 
acid. 

Let  the  tongue  ot   the  switch  s  he  placed  first  on  the  stud  />,  so  that  there 

is  a  complete  circuit 
p  G  I)  /^  s  N  P 
through  the  volta- 
meter and  galvano- 
meter. 

No  current  will 

be  indicated  <>n  the 

latter    because   the 

voltameter,  consist- 

^^  fi  ^^y^'  ^  ing  of  similar  plates 

^"^  r.  ,  -      *""    .  .  „  r.  a-i^  d  i  p  p  i  n  g     i  n  t  o    a 

liquid  which  acts 
on  neither,  does 
not  hilfil  the  conditions  (ice  page  i^i)  for  the  production  of  an  v.  M.  f.  Next 
place  the  tongue  of  s  on  the  stud  a  :  there  is  now  a  complete  circuit 
(•  I)  G  p  N  S(7  /  1-.  which  includes  the  battery,  galvanometer,  and  voltameter. 
A  current  will  flow  in  this  circuit  and  its  txisteiice  will  be  indicated  by 
the  detiection  of  the  galvanometer,  which  we  shall  suppose  to  be  in  a 
clockwise  direction.  If.  alter  this  current  has  been  flowing  some  minutes, 
the  switch  s  be  suddenly  moved  over  to  the  stud  />  so  as  to  restore  the  first 
circuit,  the  g.ilvaiiometer  will  immediately  indicate  by  a  counter-clockwise 
diflection  ,1  current  in  the  i>j)posite  direction  to  flie  battery  current.  This 
currmt  will  gradually  dimini>h  and  eventually  I'isappear,  but  only  after  a 
Considerable  time. 

Consider  more  closely  wluit  has  happened.  The  plates  in  the  voltameter 
being  precisely  simihir  could  not  at  first  give  rise  to  any  k.  m.  f.,  and  no 
current  flowed,  although  a  closed  conducting  circuit  was  provided.  When 
the  euneiit  from  the  hatter\  w.is  p.isseil  through  the  voltameter,  electrolysis 
occurrtd,  oxygen  ga>  being  se]),irated  at  the  anoile  i>  and  hydrofTfn  at  the 
kathode  N  in  such  quantities  that  the  electrodes  quickly  became  respectively 
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coated   ,v,,h   those    Ka^e.      I„    ,1„.   .t.te   tluv  uvrc   no   !„„,.,    two  .,„il.r 

^^^,  :r :  T7T  t;  t """'"■  •''"-  •'■im-'s  -uo  a,.  ..0.1.  ri^ 

.able  ot  se„a„,,-   a  current   thnn,,!,  tl,e  «alva„..,„eter   u!,e„  -he   ha,.,v 
was  removed   bv  alterlti"  s  "."ui\ 

wh:n  t.^7  ;:^';::;v"""  "^'^'^  '^^■'  "•••"•^^"  "• "-  -^^  -  ^ "  '>-  "lUr: 

in  fact,  here  the  same  thn>K  .Kanri.y  which  we  have  referred  to  (,.,..  ,  , 
as  causmg  the  ^o/„ns,,/,„„  „,  ^  voltaic  cell  Vn,ir  1  ." ''^^  '.■  '^ 
cond,tions  po,a,.at,o.,  will  be  the  .tron.Jr  Ihe"  n,':',;    S^^he^"  :; 

"m"      ;"    "       ,,        t'T"'^"  ^"f  f  ^■^'^'^"^-  ^"'"-'-  -"'  then  it  re„,a„,s  of 
^ncct.      It  the   KM.   K.  ot   the  ..ngu.al   current   is  weaker   than  that  of  the 
poiar.sat.on,  the  latter  will  not    be  able    to   attain  u.  maximJm       r   I  th 
because  ,f  ,t  d,.i   s,.  a  current  w,u,ld   be  fic-nerated  opp.Mte  ,o    h.       "?,  ,' 

th:^;;L^;:Jt:n';^  "■^'-  —  ---"  ^-  ^  --V.::^'::; 

Current      =     H-J'-^i-;- "f Jwtterv 
total  resistance. 
This    law,   however,   only    holds   iT,„,d   as   Ion-     ,,    .„,    i;  ,,,;  , 

inu»  „,„,,.  ,,„,.,„;,„,,,  ,„„t„,  „„  „.,„-,;r.,;:;,::-;;;;";,j'™;.^-"' 

Current      =      iJM-  '••  ot  battery— k.  m.  k.  nt  jx.larisation 

total  re.Mstaiice. 
Another   way   of    re^ardins   the   fundamental    e.xperin,ent    is   of    ^reat 
practical  ,n,p.,rtance.     We  have  previously  explained  L:  ,  , "    o    our  ^  ea 
purees  o,  energy  >s  the  energy  of  chemical   separation  .f  „ute  i  1     .'   ch 
under   su.tablc    cond.tions   can    con.bine   to   folm    con.pound   bodies      To 
separate  the  constituents  of  these  compound  b,  die.   work  or    n  T  u 

spent  upon   then,   at   lea.t  equivalent  to  M,e  e    V^v  '-■  "'"''    ' 

yield  up  a,ain  when  they  relmhine      Now   wS,     hl^  wl""^"" 

;!;K.„t;,',;i;'  ™'  ■■"' "'"  '"^  "'•'•■'••■"''™'  ™--  '''"^  .i--" "'" 

t  can  read  I\  be  used  to  Renerate  another  (or  .//.u/w;-;./,,,.,  .-iMrent      Thi 

the  prmcple  made  use  of  i„  the  s.co,:rfa>y  .'v,'/-.to  ^]r -t  " 

J    it.uttLi  \\\\i^i\  alt   iio^y  5Q  largely 
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uscil  in  heavy  aiul  i.tlicr  clfLtrii..il  work.  The  process  at  first  sight  may 
appear  to  consist  in  a  sti'iaRe  of  electricity.  The  electricity  conilucteJ  into 
thi-  viiitameter  from  the  piiinar\-  cell  can  apfiaicntl\  he  i;ot  'Jitt  at^nin  from  the 
V'lltiimiti'r.  The  storage,  however,  is  not  the  s.ime  as  in  a  Leyden  jar  or 
condenser,  but  is  a  ■  (inversion  o''  electrical  energv  into  ci;eniical  energ}'. 
which  may  be  re-converted  into  electrical  energy.  The  primary  current 
sep.irated  hydrogen  .md  oxygen  trom  each  other,  and  stored  them  on  the 
electiodes  ;  in  the  secondary  cell  o.xygen  and  hydrogen  unite  again,  the 
energy  of  chemical  separation  disappears,  and  electric  energy  again  appe.us. 
Theretore,  the  secondary  cell  is  not  an  apparatus  for  storing  electricity,  as 
electricity  simply,  but  an  apparatus  by  tneana  of  which  electric  energy 
is  converted  into  chemical  energy,  in  a  convenient  form  to  be  turned  back 
iULO  electric  energy.  On  tlii>  ground,  theretore.  the  term  electric  accu- 
mul.itor,  which  is  sometimes  u^cd,  is  not  altogether  an  appropriate  (Mie 
for  these  secondary  cells. 

We  have  now  to  consider  the  best  way  to  utilise  the  process  for  actual 
Work.  The  simple  water  voltameter,  i.e.  two  platinum  plates  in  acidulated 
water,  is  not  t)f  much  \alue,  though,  as  we  shall  see  presentiv,  Grove  made 
good  use  of  it.  Such  a  secondarv  cell  would  last  only  for  a  very  short  time  ; 
in  other  words,  it  is  not  capable  ot  storing  large  quantities  of  electrical 
energy  in  the  form  of  the  chemical  energv  due  to  separation.  The 
electrodes,  however,  may  not  iiilv  uiuleigo  physical  changes,  thev  may  also 
be  chemically  changed  by  oxidation  or  reduction.  When  this  is  the  case, 
and  the  electrodes  are  coiniected.  we  have  a  secondary  cell  that  will  furnish 
us  with  current  as  long  as  the  modificati(jn  of  the  electrode  lasts.  It  is 
on  this  ]irinciple  that  the  secondary  cells  in  u-e  at  present  have  been 
constructed. 

History  of  Secondary  Cells.— Before  we  consider  the  secondary  cells 
themselves,  it  will  be  useful  II'  sketch  their  history  briefly.  Gautherot  in 
1802  observed  that  during  electrolysis  the  platinum  wires  which  served  as 
electrodes  became  pokirised.  and  that  bv  the  absorption  of  oxygen  and 
hydrogen  they  became  electrically  diflerent.  By  connecting  the  two 
electrodes  he  obtained  a  secondary  current. 

A  sl'ort  time  after  (1803)  J.  W.  Ritter  constructed  the  first  secondary 
battery.  Discs  of  the  name  metal,  having  moistened  pasteboards  between 
them,  were  arranged  in  the  same  manner  as  Volta's  pile,  and  their  poles 
were  connected  tt)  the  poles  of  a  Wilta's  pile.  Wher  the  current  of  Volta's 
pile  was  allowed  to  pass  througii  the  secondary  battery  for  some  time,  the 
battery  assumed  the  properties  of  a  pile.  The  metal  plate  of  the  secondary 
battery,  which  was  connected  with  the  positive  pole  of  Volta's  pile,  became 
a  positive  pole,  and  the  plate  connected  with  the  negative  poie  became 
a  negative  pole.  Hence  througii  the  closed  circuit  of  the  secondary 
battery  a  current  flowed  in  the  opposite  direction  to  that  of  the  primary 
current.      Although    Hitter    was    well    aware    of    the    importance   of  his 
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bv  '!^:'^:s^:^i;^t  %:'-  -i  ^^^  -  -  ■-  -••- 

TlK;>e    pl.,t,„u,„    wires    ,e,„„„,.,c    .„,    tl.c    ..u  'ul.  ^i^ 

a  hllol  v,th  water  .  ,«Inlv  .kuIuLuc,!  w.!,  ..Ip,,,,,,. 
au  1.  M.Kury  ,.  placed  ,„  the  little  plati,.u„,  ..p,,  ,,„, 
wire.  t..r  connections  are  dippe.l  intuit 

As  in  the  experiment  alre.ulv  iK-^cribcl  (Fi,.  ,-■-) 
a  battery  is  arranfie.l  i„  the  circuit  in  such  a  w.v  tint 
vc  >,,n  exclude  the  battery  when   we  choose.  1,   t   le  ve 

h    n^tar  mK  u-,th   both   tube,   full  .>,  watc-,on  niakin.. 

o.Uact.  the  current  will   decompose  the  water,  and    u 

tie    .une    tnne    ck-flect    the    needle.      When   the   tulj 

n    ;r,        h'''      T  '"""  ""  "■'  ""'  "'^  "^'"-^■'  •'-'  "- 
otle      1  ■  «-'^;^"".""^'f^''-  '*  -'t  once  detiecte,!  ,n  the 

other    hreaion.  show.,,,  that  the   current  produced   In 
the    ga>es    IS    opp„„t,    t.,    „,..,    „.,„.^.,,     j,;,^._.  _ 

The    two    tubes    beni^    perfectly    sitnilar    in     all     ,„„,: 

respects     to     each     other,     the,...     only     can     b^'tl.     .,„..     .,.,., 

.eu"^h:'^d.2;:;':;?^^::~x.;:-r^^;;^^ 

u.ual    chemical    tnethods    and    I'^SZ   ll.:^,  ''"'""'    '^'    ''"'■   "'    '^ 
as  a  prniiary  cell  as  lonR  a>  the  '   ' 


f'K  — r.r.Kes  f,a» 

Hattcry. 

cause 


jjraseous 


The  ceil    will    tlien    act 

great  number  of  ^ases  .mi"  vap:;r;";;7v3  '  h'ir'^'     ^'^"^\— -'  - 
witii    the    metal,   in    a    s.-rl  ■      „   -  ''"^'   ■^".nd  that  K^.ses  can  l)e  arranged 

••'-"■^^ ►:.M..;»";vr":,t  ■"';';:!;;:  ■;■  ■,'■' •""■-^■"- »' 

' ™"  '"'^  ^■'-"■"""■i~  •"'---  «r.,  «^:t,  ■;;,;;;;;L™ru,.:: 

Etlur. 
S  Olefi.in!  g,Ti. 
9  Kthereal  oiis. 

10  Camphor. 

11  Metals  whicli  ,i.,  not 
ilecom|Ki.,e  w.itei. 

12  Nitroyen. 


1  Metals  which  decompo>e 

water. 

2  HyJrogen. 

3  t'arboMic  oxide. 

4  Phosphorus. 

5  .Sulphur. 
0  Alcohol. 


I J  CarliiMiic  ackl. 
'4  Nitric  acid. 
'5  0.xjgen. 
16  I'eroxi'li',. 
'7   Iodine. 
IS   liroinine. 
'9  Clil,.niie. 


If  we  take  one  of  the   ntefal-  >1,  i^   •),,  •   ,    ,     . 

-!'.u  d.c=  uul   dccumi,u.e   water,  and  bring 
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It  into  contact  with  a  gas  lower  down  in  the  list,  the  metal  bctnnu'S 
p<>!-itivcly  clcitriticd,  the  t'k'itrifuation  hiinj;  the  stronRcr  the  tartlier 
ga^   and   nu'tal   stand  from  taili  Mtlier  in  the  series. 

drove's  liattery  lias  serious  detnts  which  jirevent  it  being  u-eil  for 
praetical  pmpo-es.  The  thief  ol  these  are  its  inconvenient  shape  and 
the  tact  that  the  qiiantitv  ot  ener>,'V  storeil  is  not  large.  Both  defects 
are  due  to  the  ultimate  jncHliKts  of  electrolysis  being  gases.  For  prac- 
tic.d  Work  tlie^e  jirodiicts  shcuild  he  solids  and  insokible  in  the  electrolyte, 
so  th.it  an  adeiiu.ite  amount  <■!  eiiergv  may  be  stored  in  a  moder.ile 
sjj.ice  and  th.it    the  stor.ige   ni.iterials   niav   remain  on  the  electrodes. 

The  necessary  in.iteriaK  to  lulfil  these  conditions  and  the  first  pr.ictical 
method  of  utilising  the-e  m.iterials  were  discovered  after  laborious  and 
extensive  inve.stigations  In- (Ja^ton  I'l.inte.  In  the  Gnitf'trs  Nnii/ns  ot  the 
French  Academy  appears  one  ot  the  earlier  formal  accounts  of  Pl.mte's  l.diours. 

and  from  that  time  \  i'  i- 
ous  notices  of  his  w.  .rk 
are  to  be  found  in  the 
scientific  publj.  a  ions. 
In  iHyq  he  pi.nlished 
a  book  entitled  AV- 
chciclii'i  siir  rju'ic- 
tii(  iti','  whicli  ■,  iiuains 
a  full  account  ot  all 
that  he  has  done.  In 
an  article  written  by 
Kareis  (Zeits  hrift  ties 
\\'i,-iier  elfctn.tixliuisJfii  I'rrnur:,  he  says  :  "When  we  remember  that  the 
electricians  ot  the  pre.-ent  d.iv  !i,i\e  endeavoured  to  m.ike  practical  use 
ol    the    energv    stored    up  the     accumulators,     it     I. comes    difli,  ult     to 

believe  tli.it  the  originator  did  not  entertain  -;...;:...  intentions.  We  are 
so  accustomed  to  m.ike  pr:>ctic.il  use  of  every  new  discovery  for  our 
immediate  and  personal  beiietit,  th.it  we  cannot  help  having  a  verv  high 
reg.ird  tor  men  who  are  willing  to  leave  the  practical  utilisation  ot  their 
inventions  to  others.  Such  a  m.m  w.is  (Ja-ton  Plante.  Whoever  enters 
his  l.iboratorv  in  the  Rue  des  Tournelles  tinds  th.it  here  science  is  neither 
the  milch-cow  nor  the  inaid-of..ill-\vork  ;  she  is  a  oMiip.inion  that  goes 
hand  in  haiul  with  her  master,  reverenced  by  him  on  the  one  hand,  and 
.liding  him   in   all   his  ende.nou;-  on   the  other." 

Plante's  Cell.— The  j)rinciple  which  riaiite  followed  in  the  construc- 
tion of  his  secondary  cell  is  simply  the  chemical  formation  of  the  electrodes 
by  means  "t  a  current.  Xuinerous  experiments  proved  that  the  best 
met.il  for  this  purpose,  and  the  one  nio>t  nearly  fuHilliiig  the  conditions 
alluded    to   ab.ive,  is   lead.     Two   lead    plates   (Fig.  17  .),   each    0-040    inch 
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PiAXrt's   Cn.L. 
thick,  with   .  pn.icain«  e,.„.l,KtM:..  .tr,;.,  .m,l  niM.L.tol  bv  ,„c.„,-  of  „uli, 

" :  \:^\  T\ "  ''^'"1 '"  •"■"""■  ''^  '•'-'■■^  •■'  -  ^' •-  •" 

pi  u,K  acHl  (.,„..  p,,,    ,,  ,,,„      -n,^.  ,,,,  ,„   ,,„,  ^,^.^^^1  -^ 

...,  1.  r  the  p...:.Kc  .„   ,1..  o,n,hu,n,„   „„.  ,„,  „    ,„„„    ..u-  ".   '. 

'  •Liid":r"" '""' '"'  ^ "' ^'^'^-  '^'^  --  -i-.. ivU^hj 

t"  .lie  lul,  .111,1  ucro  coiiiicitcl  !n  "ii-'>.i.tij 

:i    ('i.itinum  wire    k,  which   ccuii! 
Ih    m.icic   rcil-hut    by   «li>char«iiii. 
tJR-  >cci.iul,iry  cell.     The  h.iiul>  g 
aihi  II  .irc  ill  coiiiicctioii  with  the 
riicMl   b.iiul^  M  an. I  m.     m'  j,  ^,,„. 
ncacil  with   .\   ..II   the  lelt.  .iii.l  \i 
\-  omiectcil  with  a'  tl1r.1u.4h  the 
M'^nu   K  ..11   the   ri^ht.      When   B 
i?   -ueweci    ,l.,wii,   H  is   al>.>  cun- 
neucd  with  .\.      •\\^  cliar^c   the 
secLcLiry    cell    tw..    n.niseli    cell> 
are   Millicieiit.       The  niniNen  cell, 
are    j..ine(l     in     circuit    with    the 
sevi.iiJarv  cell,   when  B  is  screwed 
down,  .111(1  the  .urrent   ot  all   tiu- 
celK  will  pa:,^  throujrh  the  wire  v. 
Pl.mte  (le.scribedthe  ch.iiij,'eMvhich 
occur    when    thf^    cell    is    cii.irMeil 
thii5  .-—the  electric  current  lieconi- 
poses  the  water,  aiul  the  n.WKeil 
separates  out  at  the  p,.sitive  leaden 
plate,  and    tlie    hydrojFen    at    the 
negative  leaden  plate.     The  [)i.,i 

tive  leaden  plate  becomes  oxidised  and  receive,  a  br„wn  c.itin.^  of  lead 
d  u.xuie.  whilst  the  negative  leaden  plate  renuins  bn«ht  and  recuve  only 
hydrogen  gas  I,  now  vhe  two  plate,  be  cnnected  ^v  means  of  a  w.re 
a  current  will  circulate  through  the  syst.-i  .|ue  to  the  production  Tl 
cell  consisting  of  lead  dio.xule,  lead,  an.i  diluted  sulphuric  acid  The 
current  in  this  cell  will  have  the  opp„„te  direction  to  th l  prima  'urre.U 
and  will  cause  the  lead  o.xide  to  be  reconverted  into  nietalhc  ij  .  V  In 
he  reconversion  ,s  at  an  end  the  current  ce.ises,  and  the  secondary  l" 
1-  then   said   to  be  discharged.  ^ 

The    reaction   of  the    sulphuric   aci.l    in    the    s,,„„.i,rv  element    is   ol 

jead  sulphate,  a  compound  whidi  is  very  i„..!,W.,  and  uhich  c"    •  s  t^^ 
leaden  plates  wuh    a   white  layer,    thus   protecting  the    lead    trom  tu  thir 
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lurrosion.  The  lurrc-m  duumpo.is  tlic  liail  sulpli.itc,  lurnjinK  lead 
<lu>xi(lc  at  the  pusitivc  Icaticn  (-.Liti-,  aiiil  lead  in  a  spc  nj;v  turm  at  the 
lU'Rativc  Icailcii  plate.  Tlic  prcviliKtioii  <if  the  >poii);v  form  ct  lead  llKIea^es 
tlie  Mirtaee,  aixl  ci>ii'-ei|iiently  the  effeit  of  the  plates.  Ry  re|H.'atinn  thfc 
proee>s  of  (.h.irRinjj  and  diMharj^iiij;  the  •■eeiind.irv  eell  the  >j)oiij;v  in.iss 
will  he  jnire.ised  through  the  .ictlon  <<(  the  Milphurit  .aid,  and.  lurthcr, 
when  the  •■eiiinil.uv  eell  is  ch.ir;;ed  the  ujiper  l.iver  ot  the  le.ul  dioxule 
will  he  leeuiivetted  into  lead  Milph.ite,  whieh  will  prevent  the  hirther 
deti'inposition  ol  the  le.id  dioxide,  and  th'is  allow  the  eell  to  keep  its 
1  h.itKe-  lor  a  greater  length  ol  time. 

In  order  to  ih.irj;e  I'liiipleti  1\-  a  newlv  e(m>triieted  I'l.inti  ell  it 
is  not  siilVKient  to  allow  the  priiii.iry  inreiit  to  pl■-^  through  it  Mr  a 
considerable  length  of  time  ;  lor  .is  soon  as  the  tirst  l.i\er  ot  le.ul  dioxide 
is  formeil  it  will  protect  the  le.ul  bene. ah  it  tmin  the  action  ol  the  ox\>;fn. 
A  short  time  alter  passing  the  ]>rimary  current  a  brisk  evolution  ot  j;.is 
t.ikes  place,  and  if  the  second. iiy  cell  he  disch.irned  the  oxidised  lead 
will  he  a^ain  reduced,  .iiul  the  siicud  electroile  will  become  oxidised, 
thus  ciiisin);  bmh  electrodes  to  li.ive  spon^jv  surfaces.  The  prim.iry 
current  will  now  jiroduce  .i  jjreater  amount  o(  lead  dioxiile  when  allowed 
to  pass  throufih  the  seconilary  cell  a);.iin  in  the  orii^inal  direction.  It 
will  be  observed  th.it  the  brown  colour  .  the  oxidised  Ic.iii  becomes 
hghter,  until  it  appe.irs  .ilmost  white,  when  .1  ch.irKcd  secoiidarv  cell  is 
lett  for  some  time  in  .in  unclosed  circuit.  Tae  cause  of  this  .ilter.itiiiii  is 
due  to  the  action  of  the  sulphuric  acid,  which  turiis  some  of  the  le.u! 
dioxide  into  white  lead  sulphate,  which  by  mixing  with  the  brown  ilioxide 
causes  it  to  assume  a  ligliter  colour.  At  the  next  reduction  the  lead  sulphate  is 
also  converted  into  lead,  which  .idheres  in  grains  on  the  surface  of  the  pl.ites, 
increasinR  the  l.iyer  of  m.itcrial  capable  of  beinjj  acted  on  by  electrolvsis. 

AccordiiiK  to  PI. into,  .1  secondary  cell  made  from  leail  pl.ites  -hould 
be  formed  thus  :  I'he  ]>rim.iry  current  is  allowed  to  pass  thri>uj;li  it  for 
about  a  qu.irter  of  .111  hour  ;  it  is  then  discharged.  The  current  is  now 
passed  througl)  in  the  ojtposite  direction  .1  little  longer  ;  it  is  again 
discharged,  .md  so  on.  When  the  time  has  been  increased  to  two 
hours,  it  i»  left  during  the  night  .md  disch.irged  the  next  ilay.  It  is 
then  charged  once  more,  and  left  for  .ibout  eight  d.iys.  After  this  some- 
what lengthened  process  h.is  been  gone  through  once,  the  .ipp.iratus 
need  only  b'    charged  when   wanted. 

After  discharging  a  secondary  cell,  we  find  that,  if  we  leave  it  for 
some  time,  it  will  ag.iin  give  .1  current,  cspecia'lv  if  the  first  discharge  is 
very  jiowertul.  ''''■■  i.s  due  to  the  too  rajiid  electrolvtic  action  of  the 
first    discharge    ci  •        neriiig   the   plates   with    prt)tecting    lavers,   which 

put    the   .ictive    n  below    out   of  .iction    for   a  time.     On    standing, 

these    l.tyers    are   (lis      .ited    more    or    le--,  and    a    further  cunent    can    be 
obtained   without   rech.iigmg. 


I  j 


f/  4.\rr'^  /i  iTrrmrr. 


-O" 


I*"-    ^>.j'ii-int>    a    Ivittitv,    v-ii- 
!"itii,l    up  iitlitr   iti   >i.rii»  ,,r    m 


Plantgs  OrlgrJnal   Batteries.  -1,;. 

..t,n.    .,,    .w.Mtv    cell,.    ..,..„,.,    ,„    „,    , 

the icn  a; that L ..I  ,r fL;  ;'7 ^^  r"-^ ""-' ■;- 1-'-- '•• 

spMnK  ..f  the  next.      I„  ,hi   I.  i,         ",  'i  ,     '^'  ^^"  "  "'"'"r'^'  "'^'  '"^^  '"> 
parallel,  thus  representing     „r""„'\,i;:'""";';'""   "r'  ^^"^  •'^^' ^ ' 

purpuM-v      Wli.-n   .1,..  ■■'•""p.     .'.I.I     '  nil  i;my  .111,1  ,|„chari;niii 

metal    springs    are    c.ii- 

llecteil  with  eaeh  utiicr, 

an.!  the  cells  arc  joineil 

ill     scries.       The     wires 

from    the    pclcs    of    the 

hatur\-,  when  si>  joiiieil 

up.  .lie   coniiecteii   with 

the  i.l.inips  T  T,  between 

which    there    will    be    a 

pressure  of  over  40  vclts. 

Hv  this  arrani,'enieiit 

of  I'lante's  it  is  possible 

to    charge    the    battery 

with    the   current    from 

two  Runsen  or  bichromate  cells  iv..  m.  k.  about  4  volts,,  .u„l  discharge  .it  the 

Ml  pressure  of  the  .0  cells  placed  in  s,nes.  ea.h   cell   havin,  ..„  t    m    ,     "f 

about  2,5  volts  and  a  very  low  intern.il  resistance  •     ■     ' 

1  here  >s.   ot  course,  no  gain    of  ciiei«v    hv  :hus    J,,nuin.    i„    p.,^,,:!,, 

and    d.scha..,„g    in    senes.      The    onlv   .uh.mtage    is   that    a    uine.  t     L 

bw  pressure  can  be  used  tor  charging,  wh.Nt  m  dis.h,„,i,„  ^      cii •    . 

much  higher    pressure   can    be   obtaind.     The  .in.mg.'ne^t  is   u    , 
m.h    more    recent    times    would    be    ...lied   a   --tcp-up''    U.u.U,n.r\    I 
"Mep-up      ,n  f-ig.  18,    being  from  aho.u    ;•:   ^,,;t.  ',.  4.   ,,,  a-  v         '     'i^ 
more  than  a  corresponding  decrease  m  the  current  ' 

Ihis  method  of  charging  secndarv  batter.,  bv  pl.uing  s.ncie  celN  ,n 
par  llel  has  now  been  abandoned,  but  ,n  Pl.m.c  ,  l'„„,,s  u  vic'dcd  s„„  " 
striking  results  which  are  worthv  of  „o,i.,.  A  lar.e  b.ittcrv  of  oo'  ds 
IS  shown  in  ^,g.  t,H.,  ,„  winch  the  cl,.,iging  Buns.n,  .ippe.ir  on  the  wind  w 
.  ioutside  the  room,  where  their  noxious  fumes  w'il'l  not  cause  ".be 
The  arninueinents  for  ch..gi„g  witl:  th.  a-v„i:  l,.a,,,v,  ,ind  dischar.Miu; 
at   over   400    volts,   can    easily    be    traced.      With    :h,s   h.uterv    he   prod^cc'd 
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lo; 


a  phenomenon  similar  t-  tlut  „i  lull   1,«|„„,„„  .p,..    ,^■^      r. 

<i....n. »,,  ..,:;,ru,:;„;;:::i;,„':;^r™ ;;;';,;;;;-;  ^  "'■"  •■  "-r 

round,   and   becoming  .  '''1'""^  *»•'»  •"r"K-,l,  spmnuig  ,,uickly 

Rradually    ttattcncil. 

This  pluiioniciion  was 

acoimp.iiiieil     with     a 

coiisuierablc    noise. 

By  iiMiii,'  a  larjre  num- 
ber .,t  coils,  and  by 
allowint;  the  negative 
elcLtrode  to  dip  into 
a  vessel  containing  salt 
water,  and  bringinjr 
the  positive  electrode 

near    it,     Pjante     ob-  -^-^^.^^.^^^ 

taiiied  a  sheal  of  glow-  '^"'  ■' ■-"•p"'™"!  .!,h  r.,,,,  p;,„,^  „^,,^^ 

ing  balls.      The  phenomenon   produced    wl.i,  I,    i     r 

was   compared   to    the   ..rmati::,   ^  bL:^        h  :  T'^^  /"   ^^-  '^:*- 
Inrgest    battery    consisted    o.     no    fewer    th,.n    Vo    ce'  ""^^' 

manner  described.  "°    *■"■  '^    ''""^■''    "P    in    the 

■n.c  great  drawback  ot  the  original  Plante   K.tterv  „,.  :,.  „„,.,,.,,.„ 

■ to  tor.n  the  cclN,  ..nd,  m.,reuNcT 

wlun    tiK-e    celN  ..ttained   their 
""-t   perfect    condition,  that   is 
"iicn  tlie  whole  of  ,|,e   Jcad  on" 
the  positive  pl.,tew.,spero.xidise,l 
tlie  cell  verv.iuuhlvidi  to  pieces' 
Ihe  attention   ..f  inventors  was 
therelore  directed  to  shorteni,,,. 
the  dur.it, on    ,,!    (..rnution,  Init 
'■'tl''      MKCc,      attended      their 
^■ll'>'ts    until    M,   Caniille   Faure 
starting  the  proce^.  with  lead  o.xides  produ    "l  ,"''•  .'"""^'"^''^J   '''^'    ''1^^     .i 
'"Stead  of  begitnnng  with  plates  o,  C^^ ','?,''"  r"^' '''""'^•"  '"^''""'^. 
o.xuiatinn  electrolvtically  ">ctall,c  led  and  carrying  through   the 

.4  -ri:;f'i;.^.'n;:;"- „;'"-";  -"-» ••'  -,.  ,.,„™  ,„„„„  „„„ 
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.nid  the-  wlmlc  lovdcil  i>\cr  witli  Iclt.  h  \\.i~  ]ila.  lhI  in  .1  i.\linilrii.al 
k-,nli.ii  vc>>cl.  lutviiiu;  ll>  iii^iik-  (.(■.Ui.il  will)  mniiiim  .iiui  It-It.  Sucli  a 
icll  ucii;lK'il  ii)  111.  uitlii'Ul  llic  liquiil.  Tlic  l"mi  \\  liii  li  RcMiiii  ,i;,ivc  to 
tlif  I'".iurc-  tell  1-  -lli'Mii  ill  l'"ii;.  |S;.  TIk-  If.iilfil  \c.->ti  w.i^  1 1  pl.ictt!  I1V  a 
;;l,t^>  e\  lindcr,  aihl  the  Iclt  hv  .1  iLAturo  uliuli  H  not  dc.-troycil  m)  qiiitkiy. 
As  >'i(>ii  a>  tlif  |il.il<-.-  co.itid  with  iiiinimii  were  iiiinKr-i.d  in  the  diluted 
-iil]i!iuiie  ,ieid.  the  miniiini  w.i^  KUiveited  into  lead  dioxide  .ind  lead  Milph.ac. 
The  t'lirieiil  h.id  now  onlv  t"  eoinplcte  the  lnrin.it  i"ii  "t  le.id  diu.xide  mi 
the  one   pl.r.e,   and   to   rediiee   the  e<iinpiiund>  ol    lead  on    the  otiicr.     Ac- 

ciirdinj;  to  U|i]ieirr)orn,  a  I'aure  cell  ot  tills 
tvpe  had  an  i:.  m.  k.  ot  tun  volts  and  weighed 
;;  lb.  With  three  Siemens'  iii.ichines  (model 
I),)  150  eells  were  eh.iiueil  in  ten  hmii^;  if 
lelt  uiuised  thev  lust  r;  to  2  jier  eeiit.  per 
dav. 

On  the  first  action  ol  the  ehaij;ing  current 
the  sulphate  of  lead  on  one  plate  is  reduced 
to  a  spoiifTe  of  niet.illic  lead,  while  that  on  llie 
other  is  o.xitlised  into  jvro.xide.  This  is  the 
onl\-  dilTerence  between  the  "  seeondarv  bat- 
terv ''  of  Plante  and  the  "  ^tora<;e  batlerv  " 
i'\  I-'.iure.  Both  opt-rate  on  the  same  prin- 
ei]>le  and  in  the  same  wav,  with  probably 
some  considerable  imp,  iveineiit  in  capaeity 
in  the  Faure  arrangement.  Both  batteries 
Were  freciueiulv  m.ule  in  the  finm  of  nunierous 
flat  plates  covered  with  -  ine  woven  fabric, 
and  packed  near  toselher  in  a  rectangular 
box  tilletl  with  dilute  aeid.  The  sole  novelty 
in  the  Faure  tlevice  was  in  the  use  of  the 
p,i-te  of  deeoinno^.ible  sub^t.mce,  bv  which  a 
thick  laver  ol  active  nialenal  cm  readily 
be  ohlainea  on  both  j)l.i!es  ot  the  b.itterv.  Thi."  Faure  cells,  as  they 
were  coiisti  iicteil  loi  industrial  u>'-,  were  reetai..,ul.ir  in  shape,  and 
Were  .irran:4ed  in  reet.mkjul.ir  boxes  ol  wood  impiei;iiated  ami  heavily 
lo.ijed  with  an  a-jih.ilte  v.uiii>h,  wIikIi  eii.ihled  them  to  withstand  the 
.ittioii  of  the  .iciil  solution  wliicli  tilleil  them.  The  weight  of  a  single  cell 
ol  -lull  .1  b.itti.r\-  w.is  about  ijo  lb.  to  too  lb. 

The  char, icier  ol  the  action^,  chemicil  and  electrical,  which  go  on  in 
the  secoiularv  batterv,  and  .ilso  the  re.i^oiis  lor  the  lo--es  experienced  in 
It,  were  verv  I'ldK'  de\il  'p^J  in  a  p.iper  on  "The  L'hemistrv  of  the  Flaiite 
and  l-.iuie  Ateumulators,"  hv  ,].  11  (il.ulstone  and  Altred  Tribe,  in  .\'(/.'tt;r 
ol  j.imi.u'.'  51I1  ,iiid  .March  ii.tli,  i^'-j.  The  m.iin  source^  ot  lo-.s  there  shown 
;'ie,    lir.--',   KkmI   a' tioii    between    I  ic    nej;ative   le.id   pl.ite   .md    the  jiero.xide 
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a<  timi.  which  K-lt  iiiu-  ii-Miro  all  uwr  the  j^lato  tilliMl 

Willi  (i\i(lt;  o{  jiaij.      I  h'-  luriilatuin  w^is  llnil  iniii]>li  t<  il 

li\-  clrctniKMs.  ^i'-  in  tin-  (iri:;m;il  I'laiiti'-  prori'ss,  cviriii 

i\' nm  I.  '''''    '^"''   '^"•''''■'it   ^^■•'''    ii<\i'r   rfvirscd.        I  lu'    tiiiu-   nf 

/fL^.m  fcnnalion  was  oiih    a  liw  d.us,  and   the    inroxiile    "i; 

(MUivM..  till-    pusitivo    was    iiaiiid    to    !»■    well    Ji\i-d    inin    and 

bii'ndi'd  witli    thf  Irad    iMikiiiL;.  as  ^hlA\•n  in  l-'i::.   i  ^' . 

where  thr  sliadad   iMit>   aii-  intriidid  to  roiiri^nu  tin- 

JHpiXKll'. 

A   ciiniiilrtc    (cil    cc'iitaiinnL;   I'lic    im-itivf    and    tW" 
Jlft;atl\c    plalr-    is    Ii-jUrM'ntrd    1)\'     \'\Ji.    \^~ .      'Ihr    1.1II 

J;  was  13  inclRS  liini;.  17  iiulus  hii;h.  and  ;-l  inclu-s  widi , 
iTaAaiy''  and  Wfiplu'd  almiil  Si)  \\<^..  the  juiMtur  plate  bein;,'  ii'44 
iiuh  tliii  k,  and  thr  jiir atixi-  n'jij  iiuh.  A!tli"u^li 
nijitainiii:,'  cmh  nm'  po-.iti\c  jijatr,  it  emild,  lu-  ilis- 
charf,'i'd  at  the  ratf  nt  45  ainpens.  <ir  on  an  i.'nu'i>:i-nc\' 
1  ,  ■  1  |.-i.i.Hi;l.iMi(!  :,t  -11  ampens.  witlmiil  iirrnianent  ininn' ;  at  45 
aininns  the  rate  is  ri]ui\ak'nt  to  alHnit  Jl  anipri\s 
p'T  s<|iiarr  tout  ol  the  jilallr  sllltace  ot  ihi-  plati'.  Tln'  plato  did  not 
lull  kli  .  a-  the  iiiasM\'i-  lead  haek  (■(jii.distd  the  i  in  rent  o\rr  the  Miilai  e, 
Mu\  till  fra-rd  the  (ondnetivity  ot  the  cell.  The  distin.i,Hnshmi;  Icature 
of  thr  ( I'll  was  its  hii;h 
storai^i-  ( apacitx'  for  its 
weiiilit.  wlinh  niadi'  it  ser- 
\icc.di|r     lor    tr.'ctKiii     pnr- 


'I'hc;  (hsti]ii;iu>hiii,L;  Itatnre 
of  thi:  .-rconil  elass  <il  et'lls 
loriii'  d  alter  thr  Faiire  type 
IS  tha'  th'-  material  which 
i>  to  : lei . line  lAi'iUiiatlx'  tlie 
peniAi.ic  ot  1<  ail  on  the  ]iosi- 
ti\e  plates  and  the  spongy 
lead  on  the  neL:a1i\'e>  is  ap- 
I'lied    to   th.i  -nd>  or  other 

I'aikili^  in  the  --hape  of  a 
pa^l.  I'l  one  of  the  illtiT- 
I'U  .  iLlte  o\lde>  o|  lea.'..       Tills 

0\!de  is  tilt  II         (  OIUlTtl'd 

l'\  I  1'  ctioh  tic  ai  tion  into 
the    rei|liired   (hemic, i|    state. 

l:i     till-     w.ie.    .i~     ,iln  .ul\- 
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I  lie  iiicdid,!  ui  |Mii,ii;u  ii|>  <t'll-  o|  till-,  ami  MiiiiKii  kimU  to  furm  :i  h.ittrrv 
I-  i!lu-!i.,i((|  111  l-'iM,  i,S(|.  wlicrr  tlinr  ^ii<  h  c  ■  11-  ar-  sliowii  coiiium  tiil  iti 
"■'li''^-  11m  I  I'lU  -land  in  -hallow  wud.lin  i"i\i-  (  onl.iiuui:,'  a  tliiii  laVii 
ol  -a\\iii,-t  1(1  ali-orli  .iii\  iiioi-tun-.  J'^.irh  (,|  ihtse  i)u\r-  i-  placcil  on 
llirci'  i:la'—  insiilalor^  ic-tuiL;  on  -lout  \\(iiHlri;  tri-tlts  wi'll  \;irnisluil.  oi 
jaiiitnl  Willi  a  Miitalilc  paint,  to  inakr  tluiii  a-  acKNindof  :is  ])o— ililf.  Th,' 
<fll-  arr  iiirnr.l  ajtmi.-itcl-,-  m  o|,p,,-ii,  .lirirtion>.  Tlu'  lii>t  cfll  ha-  it- 
iiri^atUT  :. animal  li.,ii(l  at  thr  Iront.  .iiul  It-  ]io-ili\-i'  one  (ti-iialK  pamtr.l 
"•>l)  -It  thr  luiU:  tin-  -(Mdibl  itll  hi-  ihi'  llf^^Mtn.'  at  tli.  La.  k.  and  thr 
j"'-iti\r  at    thr  trout I  -o  on.      it   i,  tlm-  jmi— iMr  1,1  .lamp  liyhtl\    thv 

]io-itl\r   o|    ollr   irjl    to    thr    nr-all\,     ol    !hr    il,  \t    \s  1 1  h    \rl  \     llltlr    rr-l-1  illrc 

in    thr    ronlin  tion-. 

When    till'  (rll-  air   lirlli:;  ,  liarcril.  .lli'l  r-priiall\    tr\\a|.l-  thr  .11. 1  •  ,\   thr 

1  ll.ir.;r.  -a-    IS    Irrrh    ;;i\-rn  (■If.   Mini    llir   ImliMr-   n-in^    to   thr  Slirlarr     iin-r, 

-r.ittrrinc  Ihr  Mi.l  alio;,!  111  a  kiiiil  of  -pra\-. 
wliliil  till-  th''  alnio-plirrr  ot  ihr  iMttrlN 
room.  Thr  ainio-plu  ir  o  (hal-icl  I-  inpi- 
rioii-  il  iiihakd.  aii<i  al-o  .ittaik-  am  iiutal 
stiilarr-  r\p,.-(.l  to  it.  All  -H(  h  -iiiia.n- 
-hoiiM  th(  irloir  i..  ,  oatrii  with  .iti  ai  id  pi(.,.f 
I'ailit.  and  lor  th.  -aiiir  iva-on  tlir  wlikNh 
tir-tir-.  -hoiijd  lir  -inr!ail\  painli.l.  .i-  altvaih 
not((l  ahnvr.  it  |,.11,.\\-  that  110  -uit.h,-.  or 
rontait-bfr.ikri-.  whhh  liter— aiih  r\po-e 
l>arr  -iirlai  (  -  ol  iiirtal  to  tiR'  atmo-phrir, 
-hollld    lie    placed    111    the    l)attor\-    Idolll.      All 

-II'  h  -liotild  br  in  an  adjoiniiif,'  room,  wiiu  li, 

'"   irdtirr    thr   (  0-1    ,,|    and    !o—    in    the   (  ( lUlirit  111;^   ((inductor-,    -hollld    he   a- 

(  L)SL'  as  pos-il'lc  to  the  battery.  To  miiiimir.e  the  scattering  of  the  -prav 
(.urvL'd  -hcet>  ot  k1.i>S  ''"t  shown  in  the  tinnrc,  ate  [ilaccd  over  (.acli  cell, 
whh  their  cdiive.x  sales  do\vii\\ai-.i-. 

'llir  ^la—  and  oil  insulator-  iijMin  wliidi  thr  1  ell-  ir-t  arc  -liown  m  jnll 
and  in  -((tioii  in  Fi^.  niu.  Thrir  1-  a  -liallow  i;la--  v.v— ,1  .\  lillrd  witli 
in-iilatir.-;  oil.  osri  wliii  h  is  invritrd  a  cap  n,  on  wIik  h  llir  cell  ir-t-.  i  hr-c 
infill. ill. I-  ,111  dr-if^iird  on  thr  -,inir  prim  iplr  a-  trlrniaiili  instiiator-.  llir 
kind  "I  lr.ikai,'r  to  be  piovidrd  .luain-f  i-  that  known  a-  -nrfacr  icak.igr.  thr 
li.'kiii^  (  111  I  (lit  jia  — iiil;  ihioiiiili  c<  ndm  tint,' (lit  I  liim-  on  tlir  -nrtacc  and  not 
ihi(.ii;;h  thr  body  o!  thr  niatriiil.  An  r.\aniiiuHion  ol  tiu'  -ri  tional  ti:;iiir 
V.  ill  -how  that  siicli  K'aka^'o  i-  proxidrd  aj;ain-t  b\-  tin-  oil.  tiic  snilac-  of 
will.  I,  I-  pidliM  led  ai;.iin.-t  thr  Icirnuition  ot  -ik  li  coiidiuiiin;  iilm-  by  bein:,' 
cosi'ird  c\rr.  aiul  b\-  it-  tinid  iv  tion  in  ab-oibni:;  aiu'  diit  that  in.iy  rr-t  upon 
It.      I'll"  oil  in  il-rll  !-  al-o  a  i,"od  in-iil.itoi. 


^^^M^ 
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'""■  '""■''"'■  'l'--l"l'ni.nt  ,,|  M,,.,„|.n\  1  ,it,,„  -  1,1,,,.^^  ,,,  ,iir  1  ,t,  ■ 
^''"""  "'  'J"-^v,,rk.  ^^Wu■  tull  ,|,.,,„1~  u,ll  1,  ,.,,„, i  ,,,  „„„!,,„  .,,.,,,'„; 
',;■''"'"'  ""l"'"  'i"V!.l:n,n  ..l,..,,al^^.,•k,.,  tU  ;t,m„i  ,i,,v  \\ , 
-li.m.  t  MT.t.Mv  ,,.„.  !n,|,.  ,1„.  M,„,.„  ^,„h  .  Ln.  t  M,n,>n,,n  .,i  ,1„.  „,.  ,1„  ,i- 
Mvail.l.l..  Iur,l,,n,,n::  . .,1,1,  ., .IK.  1,,,,,  ;„,,,„  „,|„.„,,,^^,,,,  ,l.,,„l^  „,  ,_ 
Willi   l,i!i  r. 

ChargririR  O!  Secondary  Cells.     V,,l,,,„  , ,  in  ,ii,  nn,.-pl.  -  .,.Up„  ,, 

;,;:"'";" '"^'-  -'^ '•  "-liM. 1,1. ,„„■,.-,..  r,,.,ii,„.„,:,„i„,„i.;i,. 

'"■    "^""'" "~     "" nl^l,„„,  „„,„.., K,„n,:„      l..,',i„,ll,,.l..n,,u., 

-'"    '   ■"^'■■''   '"1""-''    '"    i-^l  •'>■.>,.:,..    ^„l,,,„.   ,,.||.   ,, ,„„    „„.,|    ,„    ^  ^,: 

<,iil\  ■l.i\>  (>|  -nc. 11.1. in    Kill,  I.,,       I  ,  ,,  II  ,  1      ,       ,    . 

,  .  lal,,!,,-.      I,,  ,1.,    ,,1!.  .,,,1,  ,,^   |,,l.,n,|„'~  ^^,,„1,| 

"".'"''■,'"/        ""■''"'"'^-    •"    "■'■""■•-^'    '"    -1.,-,     .,11.    u,.„l.l    „ 

;n.Mn.li    l,v    p„l„..,„„„.      11„„..„.   ,.,,..    ,„,,.„,    „,,.,,„„,    ^^,,,  ^ 

"','""""    •;"""■';'    -'■—  -11'-..   ..M...,>.    Ill, ,i,l„n    ,,!l/„ 


'(i---r~~   :i 


1   I.M.I.  ;li.ii) 


'i^i>  r  I"  (liar-.'  !v.,  .MX   ,,  IK 
••  .ii  li )   iiiiinil   v.\   -,  I  :,  .. 


.-l'"Il<,.l!\        (    .11.  1    ,,|        II,,  I.,  I    ,    ,  ;j| 

.1  >>■  •  li.laiy  halt.  i\    ii  .  M.  1.    -    J  ,:;  ^,,j,^ 

,  ,         ,        .  "'""'■     '    '     "■■!•■  I't     Illl.-t      1,      ,n,l  :iu\,,l.     ll,,       I         x;      , 

*■'    ^^''■•"'-n' Hian  4.M2-.5   x.,Ov„I,.       „    „    ,,:„,    ,„„,,,„,:,, 

M.,-..n.larpdKo,    la,,,.  ,,a,,,n..,n  .,,,,.  an.l  ..,..,.,.,,,,,,,,,.,,,,. ,,:,.,: 
I.u...    Mil   vv,„k.    b..„,.,.   than   MX.Ktl     n,alU,!l.   ,       •.,„„„..  ,h,    .„,.,., 
""•"•■   ""''^';;-""'^'-<^^'P.:.randl..i.       ,„  „       „„,;',,:,; 
ma V  1,,   u„...putllv  ,lMnln,,.d.  K...  an..  ,,,  .11,1,;  ,,„,.,,,,,,,,,„,,  ^  ^ 
•"^    '"-l"^^'''y-l''''-'VM,tnallv,lan,a....  Uu.,..ll-M,l,i,,,,,|,,,^ 

'">-'MUla.vanU,l,a,a.„,„,    tl,,-  ,,hi,...  ,n  oa.  J,  ,  Ml;..  .  ,  iK  ,,  .  ,  a         '       . 

— a.,u,v,..,lln.,allv.,v,.„,,.,,nia,i,,na.,..,l,..l. a„.„^'u,' 

•■"-■■""-'/.■  am!  tv,v  ot  .  ..|i,  an,l  ,1„.  .  n,  „.n,  -l,..nld  „.„  1„.  ,..:,., ^,,  .i 

\.        I  !  I  I    IK.i-i  HI   \1|.|  l;v. 

TlK.ai,pl,ati..,is.,Ml,,.dH.,n,,al,n..,l,,,,l,,.,n,,,,.,M  I,.  !,,.,,    ,,.,,,.. 

.a..in.dund..r,lu.al,.v,.l,..a,l,n,.an.,.,UMU,n,,.n.n.,,n.l,n,,,,,a    , 
1-N    ..re„....tol,l„n,  „,  ,,  hi,l,K    „•,  hm.-al  nainr.  .  an,!    ,1,  .„  v„.  \    r 
'-morcpro,,..rlv,i,altw,,l,  inil,..  ...,,, n,|, .,,,,,,,, Ml,..  1,.,K      w„  ;     j 

.'.n.i.-our>..Kv.h,.n.  ,„    ^  ..w  l,.,„r,.  al  n.,„..  an,!  an  ,  x.,l,,naii,.,    .„  , 
clfiiunian-  |irin<i|)K,  isuoK,.,!,  ii.  nm,  i,  ,,,   i,,, 

Historical    Notes.-In    iS,:^    JJm.n.n,.!!,.  l>r.,l,...„   ,:i    ,!„.   ri„v,,.„v 
n.iiK  n.avlH'.-nal,.!  uiil,  a  l,,x,ruU.,,l,i.    l„.  n,,.!,-  ,•     '    f     "    '  , 

:■■-"'■■  "^ '■"-'<■  "^ -''i.  ■. ^^^  t::^:^t ::.::::  :::::::: 
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pile,  while  the  pl)^itivc■  pole  was  in  direct  coiineclion  with  the  gold-bath. 
^I'liiy  years  later,  aiul  .iliiio^t  simultaneously,  jawbi,  in  Dorpat,  and 
Spencer,  \\\  Liverpool,  made  their  discovery  of  electrotvpiiij;.  In  Febriiarv, 
i'**,'7.  J'lcoiii  iihserved.  in  experiments  made  with  a  galvanic  batterv,  that, 
dillereiit  layers  of  cojiper  could  easily  be  separated  Irom  the  ne^;ative 
electrude  ;  struck  with  the  exactitude  with  which  these  copper  layers 
had  imitated  the  forms  of  the  electrodes,  lie  at  once  made  use  of  his  dis- 
covery lor  pr.ictical  pur[)oses.  In  iS;**  Jacohi  laid  helore  the  .\cademy 
of  St.  Petersburg  copper-plates  which  were  imitations  of  drawinjjs  engraved 
upon  other  copperplates.  The  Emperor  Nicholas  allowed  the  inventor 
the  necess.iry  means  for  the  further  perfection  of  his  process  (i*<40).  In 
the  same  year  .Spencer  had  obtained  simil.ir  results.  Elkington  in  England 
and  De  la  Rive  on  the  Continent  were  the  fir>t  who  introduced  electro- 
plating in  commerce.  In  1^46  Roettger  produced  iron  deposits,  and  in 
i^";')  Jacquin  discovced  how  to  cover  coppci -plates  with  steel.  In  more 
recent  linu-s  I'lectrotxping  in  iron  has  been  br.aight  to  high  perfection  at 
St.  I'eler-'iiiru  bv  Klein,  wlm-e  b.;^-rcliel>  exbibiti-d  during  lli'.-  Kxliiliition 
at  Vienna,  18H3,  were  very  much  ailmired.  The  firms  of  Cliri^tophle, 
P.iris,  and  Elkington  an<l  Mason,  Birmingham,  have  brought  this  br.mch 
of  electrical  manuficture  to  high  perfection. 

The  deposition  of  metal  at  the  kathode  of  .m  electrolytic  bath  has  also 
been  developed  for  the  retining  of  '-pjier  on  a  l.irge  scale,  and  for  sep- 
arating metals  from  their  ores.  In  some  proce>>e>  the  electric  current  is 
merelv  auxiliary,  and  tends  to  make  the  proce>s  more  certain  and  rapid  ; 
in  others  it  is  the  chief  factor  in  the  process.  The  current  is  also  used 
for  the  sejiaraiion  of  metals  from  one  another,  as,  tor  example,  silv.-  from 
le.id. 

In  another  direction  numerous  inventors  have,  more  or  less  successfully, 
endeavoured  to  utilise  the  current  to  improve  and  che.ipen  the  production 
ot  many  materials  usually  manufactured  by  onlinarv  chemical  methods, 
and  of  recent  ye.irs  this  branch  ol  electrical  activitv  li.is  increased  by  leaps 
aiid  bounds.  In  the  alkali  manuf.icture,  including  the  production  of 
ble.iching  material,  in  variou•^  dyeing  processes,  especially  with  coal-tar  dyes, 
m  calico  printing,  in  tanning,  ,uul  in  the  rectification  of  alcohol,  important 
results  have  been  obtained.  At  one  time  the  electric  purification  of  sewage 
promised  import. nit  benetils  to  the  communitv  at  large,  but  it  has  more 
reccutlv  been  supersciicd  to  a  gre.it  extent  bv  other  methods. 

Now  that  electric  power  is,  in  many  places,  .-o  re.idih-  avuX  chc.iply  avail.ihle 
electriilylic  methods  of  analysis  are  becoming  more  .md  more  a  necessary 
part  of  the  equipment  of  scientific  chemists,  and  no  modern  chemical 
l.ibor.ru)ry  cm  be  considered  complete  which  does  not  contain  facilities 
for  rlrctr':-cltcii!i,;il  analysis.  In  view  of  the  fact  that  electrolysis  is 
simply  a  shortened  form  of  tlie  term  electric  analy-is,  and  that  f-'araday's 
laws  are  strictly  quantitative,  it  is  surprising  that  thi-  method  of  analysis  is 
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ilviiatiK.    ciirrLiit>,    arc    available    tin-    l,,n..   .,,     .11, 

place  vcTv  ra,u,llv.  1"".'-.  u-.ol    .lc.el„p„,e,u    .,    ,aU,„« 

I  lieif  i>  still  aimtlier  iriiportaiit  i !  i-~  ,it  •,!  ,    .  ,,      11      . 

app,.pr,atelv  .ele,re.  t,.  a.t.r  ue   hav.  .Ue..  the  Uvs\..  llle  ;.:;;;" 

Electro-deposition.   -The  Uin.lai.Ki.ta;  law.  yoveminLr  tlu.  nr,   .. 
t^..^e  wlneh  we  have  alrea^lv  „ve„  ,pa,e  ,  ,■  ,  a,  F^d     " L^  ^  ^:Z:^ 
AcLordniK  to   these   a  aefmiie  current   i-i-inL'  t,  r   n   '•  .r,   ■        ."■'^'"V    '-^^'*- 

:;r:tt:r'Ttr  -\  '^n  -  ••-  "'^"^^  •>  ^S"a:«;  ■ ;  w::?^ 

'       , '"    ;  "  r"'»;'-'";,t'>^-  "-Ulu   aeposite.!   .lependinu  al>o  .,„   the 

dcctro-chenncal  equivalent      .„   ,he   ,„e,al.     A   table   ol   thei-   equiv  .lents 
..  ...vcn  o„   pa.e  „..      Thu>   ,.    „.„Ke  ..,    copper  would  be  dep  i       !  a 

currem  o,  ,0  amperes  llowin,  U,r  .4=  nnnute.  or  by  a  current  0,  1  .^ 
flou  n^  fo.  .,4,^0  nunutes,  or  by  ,00  amperes  .l,.ui,„  for  ,4-,-  nuul^" 
^.n.larly  a„  „u„ee  .avo.rdup.i,,  „f  ,i|ver  will  be  ..i^ited  In-"-,  ~u 
of  10  amperes  ,n   4:4  minute.,  and  so  ,„,   lor  „tber  tuetaN        ' 

Hut  m  actual  practice,  if  it  is  dcMicd  to  .,btain  a  coherent  den,„it 
a.l,crn,«  to  the  kathode,  several  .„all  details  „u.=t  be  caret^l^  att  d  d 
to.  Chef  a,no,.«,t  these  are  the  composition  and  stren.^th  of  tht 
electrolyte,  tJ.e  densUy  of  the  current  at  the  kathode  (,.,■.  'he  ,  u„,b  r 
o^  amperes  per  square  centin,etre  or  per  square  inch  of  ktho.  ^  ^^^ 
and  the  care  ul  preparation,  i„  whid,  cleanliness  plavs  a  verv  imnor  ant 
part,  n  the  kathode  surface  to  receive  the  deposit  Altlio. M  t  X' 
U  .s  theoretically  an  easy  nutter  to  deposit  Ltals  elect^i  h"  S 
produc  ion  o,  a  ^-W  deposit  tor  ..  speci.ic  purpose  calls  ,or  the  e  Jr  ^ 
ot  much  technical  skill  and  experience  c^cicisc 

In  practice  the  subject   divides   in;,,  two  branches  namelv  :   (i)  ./,.,-/n>. 
^/./..,S  or  the  coat.ng  ot  objects  with  a  thm  l.uer  of  n.etal,  .uul    .   U.Z 

objects.      Aiy  source  of  contmuou.   eurrent,   mav   be   emploved    for   these 
purposes,  which    onlv  require  currents  of  low  pressure  o.-'k.  v    p       ,,      ,, 
.a,  y    d.iys,    and    even    yet    in    .m.,11    workshops.   pri„,arv   batteries    ' 
n^>  s  ance  were  extensivelv  u.  d  :  but  at  the  present  d.iv  in  all  large  establ's^ 

IStio'""Th    "■^„"^'"^'^-^'>'    -"'    -    — 't    generators  L   electro- 

poMtun.       Ihe    lollow„,,r    two    proce^^es    are    of    interest    as    iliustnitin. 

the    methods   used    ni    earlv   dav-.  ** 

Fig.  I  u   represents  an   appar.itus  in  uhij,   the   M,mce  of  electricitv  -.nd 

deporting  celLire  in  o,.e.     A  glas,  cvlnulc.  open  at  both  end.  is  su,,  o  red 

'    "^  c,i..:uer.     in   -.,,e   pi.ue  ol   this  inner  gl.is,   vessel, 
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with  its  porous  h(itt.>iii,  a  (iiaphraKiii  may  be  used,  as  in  \ciltaii  ullv  In 
the  inner  vessel  is  a  zinc  plate,  and  the  object  to  be  plated  is  placed  in 
the  outer  vessel  and  Ims  a  wire  attached  to  it.  Tin-  wire  has  coveriuR  it  a  non- 
conducting substance  such  as  wax,  i;utta-pcrcha,  glass,  etc.     The    two  wires 


F-Irrtrn-pJ.itinc  Aj'i.. 


I  ■.; 


:lr(i  i.l,,nni;  ,\|,p 


^ii      I    t 


are  connected  by  mean.,  „(  a  clamp.  The  inner  vessel  contains  dilute 
sulphuric  acid,  the  outer,  if  cupper  is  to  be  separated  out,  a  concentrated 
solution  ot  copper  sulphate.  This  apparatus,  of  course,  can  only  be  used 
for  deposits  on  small  objects,  and  then  only  for  such  objects  as  show  no 
consider.ible  cavities  or  protuber.mces,  and  require  the  deposit  only  on 
one  side. 

By  means  of  the  apparatus  of  Fig.  r.:,  which  is  at  the  same  time  a  bath 
and  a  battery,  difTerent  objects  may  be  coated  with  copper.  A  number  of 
porous  cells  are  placed  along  the  sides  cf  the  outer  ves,,cl,  which  contains 
copper  sulphate  solution  ;  each  of  these  porous  cells  contains  a  zinc 
cylinder,  surrounded  by  dilute  sulphuric  acid.  A  circular  wire  connects 
all  the  zincs,  and  is  also  connected  with  the  cross  wires  which  carrv  the 
objects. 

The  source  of  electricity  and  the  deposition  apparatus  are,  however, 
always  separate  when  electro-plating  is  carried  on  upon  a  large  scale.  The" 
electro-plating  tank,  as  a  rule,  consists  of  some  kind  of  earthenware  that 
will  withstand  the  etlects  of  acid.  It  may,  however,  be  made  of  wood,  lined 
with  gutta-percha,  as  shown  in  Fig.  iw ;,  or  the  wood  may  be  lined  with  lead 
autonomously  joined  and  covered  on  the  in>ide  with  matchboarding 
Two  wires,  parallel  to  each  other,  are  fastened  upon  the  edge.  The  outer 
wire  (rame,  which  lies  higher  than  the  inner,  carries  the  positive  damp 
while  to  the  inner  and  lower  wire  the  negative  clamp  of  the  buth  is  fastened' 
1  he  metal  anodes-silver  plates,  for  instance-are  hung  at  a  distance  of  one 
totwoteet  trcn  each  other;  the  cross-bars  to  which  thev  are  fastened  re^^ 


upon    the    ou.cr    w.re    t.ame  ;    .h.t.r    ,,„-,-1m>,.  ,r,„n    vw.ul,    ,h.    obuas 

!h    r  :!"■■■'''  •""  '"^'""''^■''  '"-'^^  ''^  '-'"""'-•  ■'-•  I""-'  i-t—  the 

EleClrotyping-.~nn>  tule  i,  „,,,,|u>i  ,..  .„    those  pr..v,,c>  o,  elcur,.. 
dep  Mt  .,„  ,„  whKh  the  „hK.a   .  ,„  ,,„.,u..  a  c,.,,,,,  !.,  .„etal  ..Uuantly 
.     «   t,.   be   ,...,„.,vcd   .,,„„    ,lH.  dean.le  ,„    ,„„„   .,„   ..d.p.M.knt   .,h,ect 

he   pr,n  ,„«   trades   the  .-,   „  ,,,,   .uKlvu.d  for  the  punhaf-n 

of  eop  e.  ot  the  ,vpe  a.  set    up  bv  the  u„upoMtor.  a„d  these  cp.js  properly 
n-oumed    are    u,ed    .,„     the    a.u.al    pr„ui„,,    thu,    sett.n,    ,Je     tie     ,,    e 
expet.s.ve  tvpe  .or   further   u.,  a,  well   as  sav„„   ,he  ,a.e',|   th-   t      e      o. 
been,.,,,,  uom  awav  bv  the   w,„k  o,  pr,„t„,«.      ,„   „,„  ,.„,„„,  ,,'„;j; 

elearotvp,,,.  ha>  a  pnuvrlul pei.tor   ,„   ste.e...  vp„„.  .:,  u  hu  h   the  ..pv 

lor  the  pr,nt,,ijr  pre-s  *■   "    M 

is  taken  i,ieehaii,(..illv 

in  a  t„etal  ot  low  U,,. 

iiiK  point.     Not  oiilv, 

however,     niav      the 

type     of     a    book    or 

other   pritited  „,attei 

be  i.d|)ied  electrolytic- 
ally,  but  also  tlie  en- 
eravi,i}Ts    and    jilates. 
ami   i,i  this  directio,, 
topper    deposition    is 
extensively  einploveil, 
the     original     wood, 
steel,    or    other     en- 
gravings   beiiijT   thus 
preserved     troiii     the 
rough     usage    ot"    the 
printing     press,     and 
retaining     their    ori- 
ginal sharpness  and  clearness  even  after  tcis  ot  thousand.  ,.f  topic-   hnve 
been  produced. 

In  the  process  of  electrotyping  lor  printing  purposes,  it  mu-t  he  ,e„,e,n- 
bered  that  a  facsimile  copy  of  the  type  or  the  engraved  printing  block  is 
requ,red  It,  however,  the  copper  were  deposited  on  the  tvpe  ..r  block 
the  shell  ot  deposited  metal  when  removed  would  be  a  ne-rative  ot  the 
type,  etc.,  on  which  it  had  been  deposited,  and  could  not,  "therefore  be 
used  for  pr.nt,ng.  for  all  the  parts  on  the  original  which  were  raised  would 
be  sunk  on  the  copy,  and  the  sunk  parts  w..uld  be  raise.I.  If  used  tor 
printnig,  the  blacks  would  be  white  and  the  whites  black  It  is  ther-tore 
necessary  to  ,nterp,,se  an  intermediate  stage,  which  consists  in  taki-nr  a 
luou.d  or  „,air,.x  in  sutltcienily  sott,  but  not  too  soft,  material,  which  wiU 
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be  a  nt-Kative  ..f  the  ..ni;m..l.  Any  nut  .1  clcctn.lvt.c.illv  .Ic-nositud  on 
the  muuld  will,  when  .cp.,r..t>  >1.  be  a  .Ks.nive  „(  it,  an.l  thercture  a 
positive  u.pv  of  the  .TiKinal  tro,„  «hij,  tho  mimuM  wa,  tak.  11.  The 
materials  ii,e.l  for  the  ni..ul,l  are  K"tta-perJi  ,.  vt,|l  wax,  plaMer-of-P  ,ns 
etc.,  and  s.-nKtinu^  all..v,  ut  i,,vv  nukinu  p,.iiu.  The  t..rmer  ot  thoc' 
materials  are  nnn.om>hia..r>  ,,1  dcctriutv,  aiul  lu-lure  a  dc|M.-,it  can  be 
taken  on  them,  their  surUcs  have  to  be  nuule  cndiKlive  with  bl.ukl.  id 
or  metallic  puw.ler.  or  other  suit.ihle  nutcrial.  The  technical  details  of 
these  procoHS  will  be  referred  to  l.iti  r. 

Another  object  of  electrolvpini;  ,.  the  production  of  ,„,„,,  ,»r,/„/s,  hists 
sMurs,  and  U'.rt,  of  art  Ke.ier.illv.  Here,  asaiii,  if  the  electrotype  is  f! 
be  a  positive  copv  ot  the  original,  an  mtermcdi.ite  iic>;atuc  or  niowld  must 
be  prepared,  and  where  the  objcas  to  be  c.pied  are  complicated,  c-reat 
mKcnuity  and  skill  is  required  t,.  produce  a  sal.slactorv  result.  When 
the  object  IS  much  undercut  or  h.is  .rrc,i;ul.ir  .avitics  the  mould  mu>t  be 
taken  with  some  pli.ible  materi.il,  mkIi  .„  .udatmc,  .,s  plaster-ol-P.iris  or 
stifT  material  w,.uld  be  broken  in  separating  the  mould  Ironi  the  object 
For  large  objects  the  cast  ..r  mould  has  to  be  taken  in  sections.  Xatural 
objects,  sucli  as  le.ive^.  small  plants,  insects,  etc..  cm  also  be  taithfully 
copied,  with  a!l  their  minute  .letails,  bv  electro-deoo-ilion. 

Other  Applications.-The  more  important  of  these  have  been  already 
summarised,  and  it  is  alm.,st  imp,,>Mble  to  explain  the  varied  pnucs^.,  in 
general  terms  with,.,it  RoinR  into  ,|,e  technical  details  winch  more  properly 
belong  to  subsequent  pages.  It  m.,y.  however,  be  cxj-lained  that  wherea's 
m  electro-deposition  the  acti..n  at  the  k.itluuie  is  the  one  utilised  in 
general  electro-chemical  work  b<,tli  kathode  and  ancnle  actions  pl;r/  an 
miportant  part. 

Thus,  in  dyeing,  some  p... cesses  depend  upon  oxidation,  whilst  others 
require  a  reducing  or  de-o.xidising  action.  In  ,•/,-, /,o-,/vr;/,^,  advaiua-e  is 
taken  of  the  actio,,  of  the  electro-negative  ions,  which  are' set  tree  at  the 
anodes,  to  carry  out  the  o.xidiMiig  actions,  whilst  for  the  reducing  actions 
the  electro-positive  ions  set  free  at  the  kathode  are  available.  Very  com- 
plete processes  have  been  worked  out  bv  (ioppelsweder  and  other,  by 
taking  .advantage  of  thc-e  ditTerent  actions. 

In  the  rrct^c<Ui,.,t  ut  aio.h.l,  adv.mt.ige  i^  taken  of  the  active  properties 
of  nascent  hydrogen,  as  set  free  at  the  k,.thode  of  an  electrolvtic  bath, 
whilst  ,n  eUrtnc  tau,n„c  the  passage  of  the  current  enables  the  skins  to 
assimilate  the  tanning  ni.uenal  nuKh  more  quicklv  than  in  the  ordinary 
process,  the  operation  beii,.-  thereby  reduced  from  months  to  days  In 
the  purihcatv.n  of  seiv.,^,  the  ...xi.li.mg  action  at  the  anode  1  '.  .i- 
relied  on.  -* 

In   alkali  mannuirturr   the   chief  ra^v    material  is  c..mmon  salt 
chloride),    which   can    be  direct  1 


soifium 


and  chlorine  at  the  .iiiod-^      Th-, 


y  electrol\ -e.i    into   sotiium  at  the  ka'.l-  ide 


sodiuni  ii  ,u  once  Cun\^.iicJ 


luLu  caustic 


f 
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50,1,.  ..  v,.l,ublc  product.  In-  ...,K.Kt   u,th  u.a.r  .„   s,.,,,,,  ,„.,  j,  e.„N.„.,- 
c.  'i  n?,  '^  I'"","      """  "'^'  ■'•''•"■'^--  '-■  -"-tu   >...la  .»  ...nvertc.l  ■„,.. 
.11,1,.'      -;    i''  "">   '"  "'^'  ''"^•'  •'""'''^■•^   "•   •'l'^'''   "'a,u...Ktu,c.     The 

tlKri'  I-  ,1  l.ii)4c  ikiii.iiici 

In   .hv  ,.v/V,„/;,,.  „-   ,.^/ ,!,.,,„,,,„   „,,„„„,,  ^,^^  ,,^,  __^^ 

.1  >.,  >-.caalv  ,M  cnncvt.,.,.  «„h  th,  .,,,,,  ,,,,,  .  ,  ,„„i^.  ^,„^  .,,  ,„^ 
-..  the  «„K  ,„„,,.,,,.,  in  :„..  ■  „„„,...  „„„  ,„,,.,,., |,..  ,„„J 
n  Un,  pr.Kcv,  the  k-U  .^  cnvcu-J  „,„.  a  double  cv.m.lc  ut  «nia  ..ul 
)i't.i>Mum  ;  aiul  the   iiu.vt   rcL.nt   rn.tl,  ,)     .      i.       ■  . 

„,.  ,,  I  ■      ,  "•'■<•"'   until..,!  ,,t    (.l>t.iiiimi;    the   lmK    troiii   the 

l'.U   it^Th       '",  f'^'''^' "«   "   elcctr,.K„..llv   hv  ^Lk  cune.us  o„  i,  ,d 
the   „,th...l   h.,s    the    a,lvant..«e    ever    ..l,kr    ,„eth„.b  .,t    vailu.u    a    purer 

Iran.yul  alone  over    t.ooo.ooo  to„,  a  year  ot  ta,l,nK>.  which  we,e   lorn.e.lv 
discarded,  are  now  treate.l  by  th.>  pr.-cc-.  ^ 

Ihe   electrolvtic  rrnmu.r  nt  .  .;.f,,„  ,„„,  ,.^.,,,  ,.,       ,      ^.„    ,        ,  ,,       , 
production  of  the  hi. 'h  coiidurtiv.t,-  .  ,  w         ^"'('"J)*-"  "t  uie 

denends   nn  „    ,1       ?     "'"''""''">  ^"i'!'^'"  required  lor  electrical  purpu,es, 
Sml    V  w     i      ■  '^•!''"'"^"'  '^*   P"-   -Pi'^-  at  the  kathode  ot  the  bath 
t..m,L.  A,    ueldless    copper    tube,    are    lornied    bv   the  electro-deposition   of 
copper  o„  suitable    mandnU  u.d   as  kathode,  the    tube   being  afte  wards 
readily  separated  troni  the  inaiuiril,  ^  aucruaras 

It  nin.t  not  he  ov.,l.,ok..d  that  el.,  trol.M,,-  pro.  ...es  an-  now  um,1 
b>-  .h.n„>  s  tor  true  ,-/,W;,-/v..i>  -.,  cuau.  ,.,nvs,s.  alth„u,h  it  is  lound 
tlul  in  order  to  obtain  aa  urat,-  ,.  -ult>  niinm,-  pMva.ition,  nui.t  Le  taken 
which  were  not  rcalise.l  a>  iK-,,..uy  at  ti,,-  fnu^  ol  Fara-Iay's  ruW 
discoveries.  ■'  > 

Further    ai,plicat,..ns    ot     the    che-nica!    elK.t    o,     ,he    .unent     u  II     be 
ret.rre,.    to    later    o„  ;    e,.„„l,    h..    ,,erha-.    been   sa.d    here   to     h,.w  tha 
the>e   applications   occupy  a    p.„„,„    ,f  ,    ,„„     ^,^^  importan.e  m 

modern  inaustricr..  '    ^'"'""=  '" 
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CIIAITER    VI, 
r^/E    THERMAL    E/FECT    OF    THE    CrRKEXT. 

'• — FfMlAMKNTAI.    LAWS. 

Thk  he.itinsT  effect    of    the    ciirrc-in   set   up    in   the  (li>.charj;iiii,'    circuit    of 

a   battery   of  Leydeii    jars   lias   already   been    relerreU    to.     A    siiort    time 

after  tiie  discovery  of  the  more  prolonged  current  produceil  bv  a  voltaic 

ceil  It  was  observed  that  a  wire  which  has  such  a  current  passing  through  it 

may    become    considerably   heated.      Davy   ascertained    that    the    heating 

becomes  the  more  noticeable  the  stronger  the  current 

and  the  greater  tlie  resistance  of  t!ie  wire  ;   but  e.xact 

mvotigations  were  first  made  by  Joule  (1841).     To 

show   that    a   wire   becomes   heated    wlun   a   current 

pas.^es  through   it.  he   used   the  app.iraiiis  shown  in 

Fig.    I  .4.        In>-te.id    of    the   ordinary   bulb    for    the 

mercury,   the   thermometer  s  h.is  a  tube   r,   bent  in 

spiral    form.      The    lower   end    of   this   tube    has    a 

platinum  wire  p,  fused  into  the  gl.i^s.  and  connected 

with  the  binding  screw  k,  ;  a   iilatiiiuni  wire   is  also 

lused  into    the  glass  at  />„  and  connected  with  k,. 

\\  hen    the   poles  of    a    voltaic   balterv  are  attached 

t*-j  "i         '"   *.  -I'l^l   k,,   the   circuit    is  completed   through   the 

""'ill     _       1  mercurv   in   g.     On   the  passage  of  the  current    the 

mercury,  becoming  heated,  will  e.xpand,  and  the 
extent  of  the  expansion  will  be  sh.nvii  bv  the  rising 
<'t  the  meruuy  in  the  tube  s.  Joule  .lUo  measured 
the  he.iting  etltct  ol  a  current  through  .1  wire  in  other  ways.  One 
of  his  plans  c<iiivi-ted  in  winding  a  wire  round  a  vcrv  >en>itive  thermo- 
meter ,ind  immersing  it  in  water.  Hv  this  means  he  discovered  the 
folloiving  law:  "the  heal  generated  in  a  conductor  bv  a  current  is  directly 
proporti..nal  to  the  resistance  ot  the  omducior."  He' further  asserted  that 
the  he.it  gener.ited  in  a  cert.iin  wire  in  a  given  time  by  a  current  changing 
Its  strength  nuist  be  proportion,!!  to  the  square  of  the  strength  of  current. 
K.xperimeiits  ma.le  bv  others  conlirnied  this 
under  the  iiaine  li  Joule's  l.iw 
ot  lii\tt    i,i-::-r,it<-,{  in   ,1   rrrUiii: 

prrf',rll    lUli     t<>     !'.>■     KISlSlANll 


ki 


Kit,  ,  a,-r.V 
Cil,  'rii;j 


mav 


iiclusion,  and  the  law,  known 

e    st.ited    as    Inllnws;    t/ir  ijitaulitv 

timr   in    ,111  v  fuirt    r,t  thr    nniiit  t\-  dirccih 

uj    thiit    tart    i,t    l/'ie    cmuit     ami    to    tlie 


I 


/..-tifs-    Of    ruh:     Thfkmai.     F'-fh-t. 
I  SyUARH    of  thr   st,rn,th   ok    t„k    rr..,.:Nr.       Ivvperuncnts    ,„ade    Sv    Bec- 

cxt'm":      "'"  "•"'"'"'  -'""'^■■'  '••^^■=  "-  ■"'•-■'tus  I.e,u   „scM  ;,.,   the 
cxpcrnient.    cons,st.n«   of   an    inverted    bottle    a,ul    .fp.-cr.   is    >l,,nvn    in 
F.«    I....       I  he    >t..pper   s    .s    fastened    up,.„    the    suppl.  ,    n    o     m,l    the 
bottle   o    H    ,s  made   to    fit    it    t,-dnlv.      Two    platinum    w,re.    aVe      a.  e< 
through    the   stopper,   terminating    in    httle   euL  o,    pla.uunn      to     lesc 

"■th   alcohol   (water   bemg    too  ^ood  a    conductor    .,t    dectrintv    for    exact 

tlial   Joules   law   holds    -,'ood,   m.t    onlv    for 

solid  bodies,  but  for  fluids  also.     If  c  be  the 

strength  of  the  current  and  k-  the  resistance 

between  two  points  of  the  circuit   haviiifr  a 

dilTcrence    of    potential    v,    then     the    beat 

measured  electrically,  which    is  produced   per 

second  between  these  points,  is  C  r  or  c  v 

(tor  by  Olnn's  law  c  k  =  \ ). 

Joule's  law  was  one  of  the  results  which 
he  obtauied  in  tlie  course  of  his  classical  re- 
searches on  the  conserv,iii.>n  „f  ener^v  and 
the  mechanical  equivalent  of  heat.  In  ilieve 
the  encTjry  chan;;cs  in  a  voltaic  circuit  plaved 
an  nnportant  part.  We  have  alrea.lv  (p.iKe 
I47>  considered  one  aspect  of  this  question 
...   connection    with    the    theory   of    the    voltaic    cell.      We    now    return 

l;  t  "w-T"^"'^    '"    ''"i     ''^■""■''    '^^^'''    "f    "-     —'     ■■•     th 
"  ■    hattery    n  a„v     nne   ,s  proportional   to  the   t,„.e  and   to  the  str.„..th 
ot  the  current  ;  on  the  other  hand,  if  we  do  not  varv  the  h.  m.  k.,  the   henl 
p  ..duced   .s    a  ...   proportional    to   the  same    tw.,    factors.     It    t..ll..ws    that 
the  generate,    heat  must  be  prop.,rtio„al  t..  the  qu.nu.tv  of  .inc  consumed 

or  c  .  r"  "^'^^^^^  "•  --  -^-J  in  a  cell  .ave  30,3.0  hea,  units, 
or  cdoncs.  (A  heat  un,t,  or  calor.e,  is  that  qua.,titv  of  heat  which  „ 
'cinne.l  to  ra.se  .  uranune  of  water  tro,„  o  to  ,°' C.)  \.,w  calcul.te 
what  qun.myot  heat  w,ll  he  s.r.ctly  equivalent  t..  the  energv  of  chcun'  .1 
comb,natn,n  l.berated  or  .>f  the  ener.v  of  chemicd  separ.u  .,n  ab  b  ^^ 
or  the  quanfty  .4  heat  when  zinc  dissolves  in  sulphur'-  ac.d  (tl  a  i  m 
c  .,n,utKm  „  .,.c  sulphate,  the  ,oll.,winR  result'  is  .,btaine.l  b  sn 
the    .al>les  alre.uly  i.iven   f..r  the   numlxT  .>f  heat   units  ev..Kvd  nr  L  , 

".  ti.e  combinati..ns  that  take  pi  ..e  .n  the  caj  iXe  I,:  '"^'"' 


—  I.eii7's  Cirrent  C.(l,>Mm<-ter. 


Ily  the  Cdiiversi.in  of  zinc  to  zinc  dxi.le 

i!v  the  formation  an.l  solution  of  zinc  .sulphate 


f^.i.Sio  calories. 
V),.t'->i 


224 


ErECTRiary  ,x  the  SF.nyicE  of  A/ax. 


'  i 


of  the  ccrgv  o  hen^ci  tn' T  '°"'L°^.'^''"°"«  "^  ''-'t,  the  equivalent 
fro„Mheabo;e;wetVe  ct  r  ;;'",  T'^^^"-""'  has  to  be  deducted 
process  ,4.-,.oo  -  ,0-00  -  -  )  .n  "  ""  """l,^^'"-^^'-''!  by  the  chen„eal 
unav.,idahi-  sources  o'e^n .7  tin'  ,  :,''"•  ^'''"«  '"'"  consideration 
found  by  Favrc.  ^''"  '«'''^^''  ^■^■'■>-  "^■^"■'-V  ""ith  the  result 

Assuming,  then,  that  n.,  work  extermi  f„  ^i, 
current,  the  total  amount  of  hcnt  ™  '  '"■""f  "^^^^s  is  done  by  the 

ti..nai  to  the  amount  „.  .uk     s'   l'^    ,  '",'  ™""  '"^■"''  '^  P-I"- 

which  becon,cs  free  bv  the  hernial  ^^i  ^  Zt^'  ^  "  '^T'''  '"'  ''""'^y 
crcuited.  the  whole  o.  the  chemica  JnJ  .^  n,!^  /  I. ;„  ^'  ''"'  -"  "'^  ^'^•^^'- 
'"  the  cell  and  in  the  .hort-circuiti.^^  re  h  i  T^u  ^''  r""^^«^ 
energy,  and  all  we  can  do  is  to  ch  ,„L  ;        .  "^possible   to   destroy 

case  the  electric  current  .h;..,"  ,  '  ^r '  e!": U  oTTh  ■ "!;"  "^•"'-  ^"  '^"^ 
't  except  that  of  heat  '^  ''"'-''■«>■  '"'P^irted  to 

or  .llLi'prz,;'^  ;l::::j;""™'  x  l;  r?'  •-  -— 

obtains  from  without,and  the  qumv  of  h-.^""""'"  '^"'''"■"  ''^^'"-  "' 
The  temperature  of  'a  body  1^:1^1  ^n  'IZ:':^^^'  '''"''■ 
or  generated  is  equal  to  that  radiated.     Jen" le's  1  w  tell  '  T'''""^ 

quantity  of  heat  -enerated  in    inv  wir    /,T  ,     '-'«  tells  us  upon  what  the 
ments  on  radi.      i,  th  .     !  e  los'     f  IZ  ,^/'  "'^'  '''  ^''"''  ^'■""^  ^-''P'^"- 
of  the    surf..ce   of  th        4    a,:    th ^IS^  "^"' '"' '"'"^^^  ^'^  "^ 
the  bodv  and  its  surroundu^.s      The  t  ,  f^''""^^   "'   temperature   between 

the  qu^tity  of  heat  ge,;::;^d  Ind  Tu:r:i:T:^ts'T^  -r 
^nd  ?:r :  ;^;;:  z  xt-  -^  -'  "^  -' '^  -  -- 

W.II  pass  to  a  red  Ic  then  V'h"  T'f  "7  •""■'^  '-■--f^''^  the  wire 
w.re,  therelore.  is  easih-  n^  '.1^  ^  :^^;  J'"'  ""'  ^-'H-  fuse.  A  thin 
very  high;  on  the  other  hand  its  u  hce  li"  S!" , ""  ^'"."T  ^^'"''  '' 
^^.  .eW  seen  tl.   the  electr.^ 

-here  u  is  the  q.-antity  of  elec.^iu'i.ncl  k  the  k    m    p       m,         • 

to  the  current  multiplied  by  the  tune  if  the  cur- -•   ■■  ^  '*  *'^"^' 


Then,  from  Ohnrs  law,  we  have 
and  theielore  finally 


o   =  (■/ 
\\-  =  <-■  K  /. 

E    =   CR, 

C'K/. 


Jrreni  h^  steady,  or 
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The    Thermal    Effect. 
Ih.  for,,,  :.l,„,lv  Bi™,,      if  r  h        rf         ,  '"  ■'"'""»-■   •'""!'■•■'    I'™    '" 


Fig.  i9ft._ 


■  trecl  of  Current  on  PUtinum  and  Si. 


conditions  it  is  possible  to  cause  mo>t  of  fh».  I, .  ^ 

to  show  itself  in  the  platinum  Vire  ''"'"  ^^''^'^^'^'^'^  ''>• '''^'  ^"^^^^nt 

It  follows  from   uhat   we  have  said  ab-.ve  tli  ir    tl, 
generated    in    difleient    nirt.  .>f    .  i  "•■  Mnant.ties  ..I   heat 

ances  of  these  p  rts  1,^"  L  ,e  u'"'  '  T""'  '^■'""''  "'"'■'  "^  ^^^t- 
or  these  parts/ that  P^tll^^ ^^r^^^^'h^J^^t^  ;-^^'-«>• '"  "- 
the  resistance  of  all  the  other  oarts  of  *-  '^■^'^''"'^^•.  ^vhilst 

as  possible.     It   has  ^^^Z^S::!'^'^:^^.^  """^'  T  "'"^'^ 

»i"i>.  -i»  siiv„  linkr'ii ,  :■  .,i  r.i  ^„';';,'j":'° '"•''  "r^ -'-- 

inj;  medium  aflects  the  temn..r,.,„      \.^'^"."*  ''^'"-     •"^K'"".  the  -urround- 

a  platinum  wire  7    "'  ^  nt;    .'  ^'T I   ''^'-^•'"-■  <'-ve  heated 

till-1  with  hydrogen  .'.si'  '"\^"''".^-^''  "'^'  '-''-'"'t  wire  into  a  vessel 

n>urof,cn  k.i>  ,    the  wire  lost  its  redness  immediudv 
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the  rest  of  the  circuit  remain  dull  and  cold  at  once  suggests  the  possibility 
that  the  heating  effect  of  the  electric  current  max  be  used  for  the  production 
of  artificial  light.  Indeed,  at  first  sight,  the  experiment  appears  so  promising 
that  it  is  almost  with  a  shock  of  disappointment  that  ve  learn  that  the 
working  out  of  the  idea  so  as  to  produce  a  practical  aiul  economical  system 
of  electric  lighting  has  called  for  long  years  of  patient  work  by  numerous 
inventors,  and  even  then  has  only  been  partially  accomplished,  by  the  almost 
accidental  coincidence  of  other  developments  in  widely  remote  branches 
of  physics.  We  advisedly  say  oiiiy  'partially"  accomplished,  for  there  are 
still  details  connected  with  the  r;!idern  glow  lamp  which  call  for  further 
improvement,  and  upon  which,  inventors  are  still  at  work.  The  main 
principles  and  general  lines  of  the  solution  of  the  problem  are,  however, 
well  established,  and  with  them  and  the  early  historical  development  we 
shall  deal  here,  leaving  to  the  later  portion  of  the  book  the  description 
of  the  technical  details  which  h.-\ve  contributed  so  much  to  the  success 
so  far  secured. 

IL — IXCANriESCENT    OR    GLOW     [.AMI'S. 

The  general  problem  is  to  arrange  an  electric  circuit  in  such  a  way 
and  with  such  materials  that  on  the  passage  of  the  current  one  part  of  it 
shall  glow  with  a  bright  red  or  white  heat  whilst  the  temperature  of  the 
remainder  of  the  circuit  shall  not  be  raised  inconveniently  above  the 
ordinary  temperature.  We  have  seen  that  this  requires  that  the  ma'^^rial 
used  at  the  glowing  part  of  the  circuit  (l)  shall  have  a  high  resistance  per 
unit  length  as  compared  with  the  rest  of  the  circuit,  and  (2)  that  its 
radiating  surface,  and  therefore  its  muss,  shall  also  be  relatively  small.  We 
shall  then  secure  that  the  heat  produced  by  the  current  will  have  to  raise 
the  small  mass  to  a  high  temperature  before  the  steady  state  is  attained 
in  which  the  small  surface  will  be  able  to  radiate  the  heat  as  quickly  as 
it  is  produced,  for  until  this  result  is  reached  the  temperature  must 
continue  to  rise.  The  two  conditions  laid  down  fortunately  both  require 
that  the  conductor  selected  for  producing  the  effect  shall  have  as  small 
a  cross-sectional  area  as  possible.  This  evidently  tends  to  give  a  small 
radiating  surface  and  small  mass,  and  as  regards  the  resistance  we  have 
seen  (page   184)  that 

/ 

where  R  Ls  the  resistance,  /the  length,  a  the  cross-sectional  area,  and  p  the 
specific  resistance  of  the  conductor.  Thus  a  decrease  in  the  value  of  a,  the 
cross-sectional  area,  increases  the  resistance.  The  sectional  area  is  therefore 
to  be  made  as  small  as  considerations  of  fragility  and  the  limitations  of 
manipulative  skill  render  possible. 

In  regard  to  the  length  the  conditions  are  antagonistic,  for  whilst 
increase  of  length  increases  the  resistance,  which  is  desirable,  it  also  increases 


Gtoif  Lamps. 


the  radiating  surface,  and  thcrcfi 


ercfore  partially  vidates  condition  (2).     I,,  tl. 


rt^pect,  thcrcfure,  a  c..tnpr..inise,  to  be  determined  by 


expcninciit 


considerations,  must  be  adopted 

'■-"i>':.;v^r:,t:t:'xt,,r^'''- "- "-' '-""-  ■- 

should  be  carbon,  which  has  practically  no 
duct.hty  at  all.  It,  however,  fulfils  o„c  further 
condition  not  alluded  to  above,  namely,  that  it 
IS  very  refractorv. 

Historical  Notes.  —  Although  it  is  only 

within  the  last  thirty  or  thirty-five  years  that 
slow   lamps   have    been   constructed   in   such 
forms   and   with    such   qualities   as   to   answer 
practical  purposes,  attempts  to  produce  them 
cover  a  much  longer  period.     Jobart,  in  Brus- 
sels, proposed  (1838)  to  make  use  of  a   small 
carbon   in   a   vacuum.      F.  Moleyns,  of  Chel- 
tenham,  in    1 841,    took   out   a    patent    for    a 
lamp   which    had    a   glowing    platinum    spiral 
upon  which  coal-dust  was  allowed  to  fall.     Du 
Moncel  (1859)  obtained  very  good  results  by 
experimenting    with    carbon     filaments    made 
from  cork,  sheep-skin,  etc.     Subsequently  Konn 
and   others  worked   at   the  subject,  producing 
lamps,  some  of  which  were  simple,  whilst  others 
were  more  or  less  elaborate.     Konn's  lamp  is 
shown    in    Fig.    iq;,   and   it    is  interesting  to 
compare   the   complicated   details    of   its   con- 
struction with  the    impler  lorms  now  in  use.' 
The  part  of  the  circuit  which  is  to  emit  light 
is  one  ot  the  rods  k,  of  which  there  are  five.     Only  one  is  in   the  circuit 
at  a  time  but  as  each  fails  a  new  one  is  switched  in  until  each  one  of  the 
hNc   has  been  used.     The  vessel  is  exhausted   through  the  valve  k    wh    h 
opens  outwards.  »aivc  n.,  wmcn 

.87,   and   1880,  during  which  attempts  n>.,re  or  less  successful  were  made 

in  hngland  and  of  Edison  in  America  it  may  be  mentioned  that   Sawyer 
rTd  oMhe"' J;;.^  P;'-';,.'''^-  "^^  in  NWmber,  t8;8,  endeavoured  to  g 
nd  of  the  ddhculty  which  previous  expcri.n^enters  had  found  due  to  gL 


Fig.  I ,-.— Konn's  r 
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occluded  in  the  carbon  filament,  by  raising  the  filament  to  a  glowing 
temperature  by  means  of  an  electrical  current,  and  then  allowing  it  to  cool 
in  nitrogen.  They  also,  apparently  for  the  purpose  of  hardening  the 
filament,  adopted  a  method  very  widely  used  subsequently  tor  another 
purpose.  This  consisted  in  raising  the  filament  to  incandescence  in  an 
atmosphere  of  a  hydro-carbon  gas,  so  that  small  particles  of  carbon  were 
separated  out  from  the  gas  and  deposited  on  the  filament,  producing  the 
effect  indicated.  Lane-Fo.x,  also,  in  November,  1878,  took  out  a  patent 
for  a  glow  lamp  in  which  the  carbon  filament  was  made  from  a  special 
kind  of  grass.  In  December,  1878,  Swan  exhibited,  at  a  meeting  of 
the  New—stle-on-Tyiie  Chemical  Society,  a  glow  laii.p  (,^«•r  Fig.  loo), 
which  he  afterwards  produced,  three  months  later,  after  it  had  been 
running  during  February  and  March  of  i87q.  Edison,  in  December, 
1870,  took  out  a  patent  for  a  glow  lamp  with  carbon  made  from 
paper. 

Swan,  who  had  been  carrying  on  his  researches  in  partnership  with 
Steam,  took  out  a  patent  in  January,  iSSq,  for  his  now  well-known  glow 
lamp.  Edison's  patent  for  the  lamp  with  the  filament  made  from  bamboo 
(see  Fig.   iqS)  is  dated  December.   18S0. 

Causes  of  Rapid  Development.— Besides  these  advances  in  the 
details  of  the  manufacture  of  the  conducting  fihment,  the  time  was  ripe 
for  the  production  of  a  workable  glow  lamp  on  account  of  the  advance- 
ment of  practical  science  in  two  other  directions.  Firstly,  it  is  necessarv 
in  a  carbon  filament  lamp  that  all  o.wgen  should  be  removed  from  the 
ei  -losure  in  which  the  filament  is  placed.  Otherwise,  when  the  filament 
is  raised  to  a  glowing  temperature,  the  carbon  will  unite  with  the  o.\ygen 
in  the  usual  manner,  forming  carbon-dioxide  gas,  and  the  filament  will  be 
destroyed.  It  was  during  the  years  1875  and  subsequently  that  such  improve- 
ments were  made  in  mercury  air-pumps  as  to  render  them  available  for 
ordinary  use  in  the  factory.  Without  these  improvements  and  develop- 
ments carbon  filament  lamps  could  not  have  been  produced  at  that  time 
in  large  numbers  for  actual  practical  use. 

Another  factor  which  largely  assisted  in  the  development  of  the  glow 
lamp  was  the  development  of  the  dynamo  electric  machine,  which  took 
pL-ice  in  the  year  1878  and  the  years  immediately  following.  The  improve- 
ment- then  made  rendt.ed  available  for  the  first  time  the  supply  of 
electrical  enc-gy  in  large  quantities  at  a  price  which  brought  the  using 
ot  electric  I:  mps  within  the  range  of  practical  politics.  It  will  therefore 
be  seen  that  it  was  the  s\nchronising  of  the  improvement  of  the  mercury 
air-pump  with  the  development  of  the  dynamo  electric  machine  that 
brought  electric  lighting  by  glow  lamps  within  the  range  of  commercial 
suciess  in   tiie   vear<  above  referred  to. 

Materials   Available   for   the    Filament.— Returning    now  to  the 

development    of    the    conductor,    the    earlier    mventors   had    used    either 
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iiiiin  appeared   to   tultil 


more  than  one  of  the  tuml.imcntal  u.iulitions.  As  a  metal  it  Ins  • 
comparatively  high  specific  resistance,  nearly  six  times  that  of  copper  and  is 
sufficiently  ductile  to  be  drawn  into  fine  wires  or  lilaments.  It  also 
has  a  high  fusing  point,  and  is  not  acted  upon  bv  the  gases  of  the  it- 
mosphere.  The  only  drawback  that  at  first  presents  itself  is  that  of  cost 
for  this  metal  approaches  gold  in  value.  Unfortunatelv,  however,  experi- 
ence showed  that  when  kept  at  a  high  temperature  bv'  an  electric  current 
the  metal  slowly  disintegrates,  and  that  a  l.inip  made  of  a  very  fine  filament 
o(  platinum,  instead  ol  being  indestructible,  has  onlv  a  short  life  This 
disadvantage,  combined  with  the  high  price  of  the  metal,  accounts  tor  the 
failure  of  early  inventors  to  produce  a  platinum  filament  lamp  that  had  any 
ch.iiice  ot  success  in  ordinary  electric  lighting. 

Carbon,  on  the  other  hand,  in  addition  to  its  lack  of  ductilitv  to  which 
we  have  already  alluded,  ha.s  the  great  disadvantage  tha'  at  ..  red  he  it  it 
comb.nes  readily  with  the  oxygen  of  the  air  and  is  dissip.Ued  as  a  -  is  • 
therei  ,re  a  thin  filament  or  rod  brought  to  a  ,  d  he.it  in  the  ..pen  air"will 
quickly  burn  away.  It  is  therefore  necessarv  .o  remove  .dl  oxvgen  from 
the  interior  of  the  lamp,  though  an  inert  gas  like  nicrogen  might  be  left 
One  great  advantage  of  the  selection  of  carbon  as  the  material  of  uhich 
the  filament  ot  the  lamp  is  to  be  composed  is  that  in  one  form  or  another  it 
is  very  widely  diffused  ;  in  fact,  carbon  forms  the  basis  of  all  vegetable  md 
animal  organised  structures,  so  much  so  that  the  chemistry  of  the  carbon 
compounds  is  known  as  organic  chemistry. 

For  many  years  it  wa.s  .icrejitcd  almost  without  question  that,  i^hitimim 
havmg  been  found  unsuitable,  the  onlv  p..s>il)le  material  was  rarl.on  ii.it- 
withstanding  the  fact  that  it.s  effinemv.  a..  me;usurc<l  l.y  llu'  ran.ll.  i',.uer 
obtained  jHT  watt,  w.-is  l,.w.  and  that  its  resistance  (liniim>lie>  with  r^,-  of 
teinjMTature.  The  la.-t-iianucl  pioinrtv  i>  uiidcMial-le  lor  a  glow  lamp  win,  h 
lues  to  be  run  en  supj)]y  mains  in  \\hicli  the  pressure  may  vary.  < 'ii  the 
other  hand,  metals  and  alloy.-  have  a  positive  temiHiature  ccHlhcient,  and 
hcn-.e  the  increase  t.f  current  c  auscd  by  a  rise  (.1  voltage  will  be  checked  l.y 
the  increase  <.f  iesi>tance  due  to  the  higher  tempeiature  thcrcl.v  induced. 
I  he  difticulty  is  to  find  a  metal  which  combines  the  property  of  aliigh  m.  it- 
uig-point  with  the  p..»il,ility  of  biing  worked  up  int..  th."  sutti.  uiitly  fine 
filament  ncce.s.saiy  for  the  prosuiv-,  of  i-uo  to  250  volt .  now  in  ordinary  us.-. 
The  problem  is,  however,  well  \M.rth  M^lving,  aiul  durint;  th.'  last  two  or 
three  years  ha-  been  attacked  l.\  a  li.i-t  ,,(  w<.rker-. 

i'lie  first  non-carbon  lamp,  the  "  .Vernst,"  produced  some  vears  ago 
ua>  not  metallic,  but  had  a  stick  or  "  glower  "—it  can  scarcely  be  called  a 
filiment— made  of  the  o.\ides  ot  yttrium  and  zircnium.  The  Nernst  lamp 
has  the  disadvantage  of  being  noii-conductivc  when  cold,  and  it  is  iiecx- 
rary  to  Ileal  ii  before  the  cuiici.i  can  be  pa.ssed.  It  theretore  requires 
a   "heater"   to  start  it.  and  .m  electromagnet  to  switch  the  he.iter  ..ut   ..f 


J 


2^0 


Electricity  in  the  Service,  of  Man. 


:fl 


-^1 


circuit  when  the  t  iirivnt  passes.  In  addition,  as  the  n-tstance  diminishas 
seriously  witli  rise  of  temjierature  a  scries  or  "  ballast  "  resi>tance  has  to  l)e 
put  in  circuit  with  the  glower  to  steady  the  current.  Further  i>artuulars 
will  be  given  in  the  technical  section. 

Of  the  metallic  filament  lamps,  the  fir--t  one  which  offered  a  (fim- 
nKirially  possible  solution  was  the  "  Tantalum  "  lamp  of  Messrs.  Siemens 
and  Halske.  Tantalum  is  a  vciy  hard  metal  of  high  melting  point,  which  in 
the  pure  state,  wa>  iound  by  Messrs.  Siemens  and  Halske  to  be  ductile  and 

to  have  a  high 
tensile  stiength. 
It  can  be  drawn 
down  to  the  neces- 
sary fineness  for 
a  lamp  to  give  25 
candle  power  on 
a  no-volt  cirruii. 
t)tliermeta!swhirli 
have  by  various 
processes,  more  or 
less  e  1  a  b  o  r  a  t  e, 
yielded  solutions 
.  of  the  problem  are 
osmium,  zirconi- 
lun  and  tungsten. 
Coating  a  carbon 
filament  with 
metal  has  alsi ) 
been  tried,  but 
further  reference 
to  these  and  other 
device.!  must  be 
postponed  for  the 
present.  We  shall 
conclude  this  part 
of  the  subject  with 
lamps  of   Edison  and  of 


Fij.  19S.— Edison'i 
Hamboo  Lamp. 


Fig.  199.— Edison's  K»rly  Form  of 
L>mp  Holder. 
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a  Irw  historical  remarks  upon  the  early 
Swan. 

Edison's  Glow  Lamp.— The  tirst  „do\v  Limp  which  T.  A.  Kdiioii  con- 
Jtructed  had  platinum  wire,  siir.ilar  to  one  devised  bv  Ch.mgy,  bul  the 
dijjntegration  ot  the  platinum  when  heated,  already  alluded  to.'led  him  to 
abandon  this  form.  lie  then  examined  the  propertie.-^  o|  nianv  oiganic 
and  inorganic  subst.iiices,  with  the  view  to  tinding  the  best  Hibstance  tor  the 
fiianicin,  and  linally  ii.\cd  ui)on  Dauiboo  libre. 


Su-jy'.K  Gi.i'ir  T.A 


Mr. 


7\\ 


By  means  of  macliincrv  the  Kitiibo,.  w;is  liivuicil  into  fibres  of  004  iuvli 
in  diameter,  and   5   iiielies  in   len^tli.     Tlieve  lil-re-  were  preyed  int.,  U- 
sli.iped  moulds,  and   were  put   by  thousands  into  ovetis,  where  they  were 
allowed    to   become   e:irboni>eil.      The   carbon    lilainent    was    attached    to 
platinum  wires,  which  were  fused  into  a  j-lass  j-lobe  haviuR  the  form  shown 
m    Hg.  iq8.     The  glass  globes   were  exhausted   bv   air-pumps,  constructe.l 
bvRdison  tor  the  purpose,  arui  during  exhaustion   an   electric  cu.rent   was 
sent  through  the  carbon  filament,  Inr  the  purpose  of  driving  oil  anv  g  ises 
which   might  have  been   absorbed    bv  the  carbon.      To  prevent   the  tem- 
perature  of  the   platinum  wires  from    being    raised  too  high,  the   carbo,, 
hlaments  were  considerably  thicker  at  the  end  connected  with    lie  platinum 
wires,  so  as  to  offer  there  less  resistance  to  the 
current.     The  tree  ends  of  the  platinum   « ires 
were  connected  with  the  copper  pieces  n  and  k 
(Fig.    i()8),    which    were    insulated    from    each 
other    by    plaster-of-Paris.       The    piece    1     was 
n- ule  of  thin  sheet  copper,  and  was  cylindrical 
in  -hape.  with  a  coarse  screw  thread  embossed 
on  it.     In  the  lamp  holder,  \  and  <   were  copper 
pieces   separated    by   the  disc    i..   consisting   <.; 

insulating    material  ;     m    was    a    wooden    ring 

serving    to    insulate    the  dilTerent   metal   plates 

from  each   other.      By  screwing    in    the    lamp, 

contact  was  made  between  the  cylindrical  pieces 

E  .md  I-  and  between  the  plates  c  ami  n  .it  the 

same  time.     By  means  of  the  plates  li.   a   .,nd 

J.    K,    which    touch    one    another,    coiitatt   wa^ 

made    uitliin    the     lower    wnoden    ring.       This 

ring    con-isteti   of    two    portions   co\eied    with 

sheet    brass.     The    first    portion   was   connected 

with    the    wires    leading   from   <    .iiul  k.  whilst 

wires  from   the  circuit   were   clamped   bv  means 

of    screws    against    the   plates  .\    and    k.     The 

holder  contained  ,1  key  for  switching  the  current 

on  and  off. 

Swan's  Glow  Lamp.-In  these  early  d,u.  Swan  also  did  nuKl,  t,,„a,d> 
the  perfecliun  of  «low  lamps.  Long  betore  Kdison.  he  tried  to  obtain  i,„.re 
durable  carbon  hlaments.  Too  little  attention  h.,d  been  luid  bv  other 
exi>erimenters  to  the  exhaustion  m   the  vessel  containing  the  ca.l.on     nul 

al,o   to  the  d.m.nutu f  ,e>istan.e  at   the  ends  of  the  carbon  connected 

with  the  platinum  wire.  I-ig.  ^00  show,,  an  e.irlv  lamp  made  bv  Swan 
l.e  platinum  wires  were  carefully  tused  into  a  little  glass  tube'endiiiu 
„,  two  loops  „utsi,!e,  which  !,.,i.cd  :hc  teinunals  ol  the  lamp.  The 
lower    portion    consisted    of   vukaniie    which    h.ii    .,    g.„    screw    bv   me'ins 
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of  wluch  tl.L'  lamp  niiKlit  be  scrt-ucd  upon  aiiv  ordinary  Ka,-arni  attci 
reninval  of  tla  burner.  The  vulcnitc  carried  two  platinum  lionks  „ 
and  h,  cnnivted  with  tlic  terminal  ,sere«>  a  ami  li  respectivdv  'I^lic 
carl... I,  was  lour  inehes  long,  and  was  prepared  lr..m  eoifn  hbres  soaked  in 
sulphune  aeul  12  parts  aeid  to  I  part  water);  thev  underwent  a  Mmilar 
el.ange  to  paper  when  snnilarly  treated, /..•.  artiticial  parchment  was  obtained. 
Il.e  hbre,  which  atter  tlic  treatment  was  more  tenacious,  was  then  bent  into 
the  form  required,  and  was  placed  in  a  crucible  which  was  filled  with  tme 
coal-dust  an<l  hermetically  closed,  bein^  alterward,  exposed  to  a  Kraduallv 
risniK  temperature  t,.r  some  hours.  The  carbons  were  fastened  t.>  the 
platinum  wire,  by  making  the  ends  ..verlapand  then  bindinR  them  together 
with  cotton  thread,  which  was  afterwards  carbonised  by  a  further  heatii.K 
in  a  closed  sjiace. 

The  following  particulars  ot  these  early  lamps  are  of  interest  for  com- 
panson  with  the  corresponding  data  tor  modern  carbon  filament  lamps 
produced  with  the  improvements  suggested  by  scientific  research  and 
the  experience  o(  maiiufaeluriiig  them  e.xtenduig  ..ver  a  ouartcr  ..f  1 
century : —  o  1  .1 

Eari  V  Carhon  Filament  Lamps. 
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Kelerciice  to  the  last  column  shows  that  the  enrlv  Swan  lamps  were 
about  50  per  cen  .  more  efficient  than  the  e..rlv  Kdison  lamps.  On  the 
other  hand,  they  were  of  much  lower  resistance,  took  Larger  currents  and 
w-ere  c.istructed  for  a  much  lower  voltage.  For  the  practical  purpose 
of  a  public  supply  of  energy  throughout  a  district  for  domestic  electric 
light iiig  the  Edison  lamps  were  the  better,  notwithstanding  their  lower 
efficiency. 
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In  view  of  tlic  groat  varictv  of  c.i.h. 
obt.iiii.ihic,  ami  tli 


11  hlaiiu-ui  lanip^  now 
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a  cud.  „   ,.  „,,,,,,   ,.  .,,.,,  ^.|,  _,  „„„,.,,  j_,h,^.  ,„^ 
n  t  the  K.llow.„K  ,„ay  be   taken  a,   average  ti^ure,  «l„d.  n.av  be  ex.H.  ,e.i 

n  m  the  or.hnary  conu„ere,al  la„,,.     F,.  „hv,ous  rca> n....,e.  .„  ,  ,.ke 

.^rc  n„t  R.ven.     Only  „,  can.llc-p,„vcr  la.np>  are  referred  to. 
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thoron^lily  i)racticable  lainp»  were  jir.v 
duccd  by  Maxim,  \  nc-F.>x,  and  nthcrs. 
Some  of  tlioe  will  be  tuun.l  ilc^criheil 
m  the  earlier  editions  ot  tlii-  b,.Mk. 
Modern   lamps  will   be  referred  lo  later. 

Mercury    Air-Pumps.— ^\\     have 

already  remarked  that  the  practical  mk- 
ce>s  of  carbon  filament  ^low  l.nnp-  w.is 
closely  associated  with  the  alm,)st  Mmnl- 
taneons  development  ol  the  nierciirv  air- 
pump  as  a  convenient  and  r.ipid  means 
fo:  producing  the  vacuum,  without  which 
♦he  lamps  could  not  be  used.  K,,r  this 
reason,  and  also  because  the  principles 
and  details  are  interesting  in  themselves, 
a  brief  description  of  -u,  h  puni|)s  will  not 
be  out  of  place  here. 

The  fundamental  experiment  fn-m 
which  the  history  of  mercurv  air-jjunip, 
starts  carries  us  back  to  the  year  1^,4;, 
when  Torricelli  discovered  the  exi-tenjj 
of  the  vacuum  at  the  top  of  the  mercury 
in  a  bar. .meter  tube.  Torricelli's  expcri- 
nieiit  is  shown  ip  [■ijr.  ,01 .       A  tube  .\  of 


'oint  ol  time,  excellent  .iiid 


Jig.  -.1.-  Tirricelli's  Vacuum. 


thick  gass,  usual.y  about  half  an  mch  in  external  diameter  and  do 
one  ^K),  ,s  caretullv  filled  with  mercurv  fre.  fV..„  ,,,  The  tl  mb 
placed  over  the  open  end.  the  tube  is  inverted,  and  the  open   end 
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duced  below  the  surface  of  the  mercurv  in  i  vessel  -  ,  >,:  -  r.^,n  ,val 
the  thumb  from  the  end  of  the  tube  the  mercurv  n  '...  if  .  ,  tubt-  b* 
over  ;o  inches  JonR.  falls  until  the  top  surface  of  t'  meicnrv  is  about 
30  inches  above  the  surface  of  the  mercurv  ,n  ^.  Tl,^  exr-lunt  ,n  1  rhat 
the  pressure  ..f  the  atmosphere  on  ihe  surface  of  the  mercurv  in  ^  c  iii  be 
balanced,  hydrostatically,  by  that  of  a  column  ol  mercury  of  the  length 
mentioned.  This  length  is  usually  referred  to  as  thi  -  Aenr^t  of  the  h..r... 
met^r,"  and  as  the  pressure  of  the  atni'.sphere  v.irie.  from'dav  to  d.n  v> 
does  the  barometric  height  and  the  lent,'th  ..f  the  i.itrcurv  column  in  the 
tube  B. 

• 

Hut  the  space  at  the  top  .f  b  is  emptv  if  the 
experinient  has  been  carefully  i>eriornied,  for  no  air 
could  j;et  into  the  tube  iifter  tin;  removal  of  the 
thumb,  and  before  tint  the  tube  was  ful!  of  nurcurv. 
A  good  vacuum  can  therefore  be  obtained  in  tlie 
space  <7,  and  as  the  pressure  in  b  required  to  h.ilance 
the  atmospheric  pressure  is  a  question  of  verti^.il 
lieight  only,  it  is  possihl  to  enlar4e  the  space  n  m 
whicli  the  vacuum  is  pr  luced  whilst  the  tube  B  s 
kept  narrow. 

Many  aitei  p  s  were  made  to  utilise  this  principle 
in  a  convenient  form  for  the  production  of  a  vacuum, 
but  the  next  great  step  in  advance  calling  for  notice 
is  due  to  fieissler,  who,  in  1855,  designed   the   pump 
shown   in    Fig.   jo.-.      To  avoid  the  difficulty   of  jn- 
V  ,  ting    the    filled    mercury   tube    lifissler    placed    at 
the  t(/p  a   three-way  tap    t,  whicii    in    one   position 
put  the  enlarged  space  .\  m  communicuion  with  the 
external  atmosphere,  and  in  the  other  joined  a,  hv  the 
narrow  tube  shown,  to  the  ve>.->el  to  be  exhausted.    The 
open  vessel  s  is   connected   to   the   lower  end  of  thi- 
barometer  tube  b  by  means  of  ,:  flexible  rubber  pipe  g:     Lrt  now  s  be  placed 
on  a  level  with  the  lower  end  of  n  and  filled  with  mercury  ;  let  also  a  be 
c.ninected   through    the    tap  t  with  the  outer  atmosphei'     On  raising   s 
the  mercury  will  rise  in  B  .md  drive  the  air  in  a  in  fi  f  it,  out  into 

the  atmosphere  through  t  ;  s  is  to  be  raised  until  the  >v..  c  of  n  and  a 
and  the  passages  of  t  are  filled  with  mercury,  t  is  then  cio,ed  entirely, 
and  s  dropped  to  its  former  lowest  level;  the  mercuf.  th,  cupon  leaves 
A  and  stands  in  u  at  the  barometric  height.  We  ti.iv.  now 
vacuum  in  a,  and  on  turning  t  so  as  to  join  .\  to  the  se~ 
exhausted  some  of  the  air  in  the  latter  rushes  in  to  fill  the 
The  tap  t  is  now  turned  to  the  first  position.  ;ir,d  the  whole 
operations,  consisting  of  the  raising  an, I  lowerini;  of  .s,  etc  is  r.ne:r:.J 
several  times.     At  each   repetition   air   is   <vithdrawn  or  pumped   iruiu   the 
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ve^se!    whi.  h    is   btinn    "--xli       wA, 
obt.iiicd. 

In  thi»li>nii  tlK(;ei»lcr  puiiif  haii 
exp.rienccd.  n..tabl\  witli  the  tap  t. 
thf   liicth-Ki    Wire  s<>   Rre.it,  how    vcr 
irnpr..ve  the  details,  .\:u(>njTst  th< 
well  knnvvn    physicists    Joule,    T^ 
ii"t   permit  lis  to  tr.icc  il       devi 
we   shall    next    reti -^   to    T     icr's 

Fig.      .'    ,;. 

The  grc.it    :.lvaii.  c  made        i- 
tioii  of  all  taps  and    valves,      ''he  parii, 
remain    as    before,    hut    the  t   n  T  ({•!       joi)  has 
replaced  by  a  coiinccrii.n  to  the  'opt         if  a  ba 
F,  which  serves  both  .is  an  e\i     tine  aiu.  as  .1     1= 
mvcrtcd  U  tube  w  ha«  one  end  sea  ed  into  tfti 
and  the  other  end  R     i>nnected  to  the  lamp- 
iiece-.s;  K  that  rlic  vert; 
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The  process  of  raising  and  lowering  s  can  now 

Lroke  of  the  pump  more  and  more  air  is  with- 

:  fairly  good  vacuum  ;s  obtained. 

.)tained    rapidly    with    pumps   working   on    this 

most  of  the  residual  particles  of  air  and  to  obtain 

crto  produced  artificially    another  principle   which 

ide  use  of.  at  least,  in  the  last  -t.iges  of  the  process 

of   the   contained   air   being   driven   upwards  by  a 

y,   small    globules    of   it   are   trapped   by  pellets  of 

i  narrow  tube,  and  these  gl,,bules  .ire  meclianically 

eight  of    the    mercury   above    them    until  they  are 

r  end  of  the  tube.     A  simple  method  of  doing  this 

Flexibly  connected  to  the  lowt      end  .-.f  ?.  funnel-  S 


■id 

an 


Fig.  . 
.  >uppl>   of  clean  mercury  is  a  long  fall   tube  F.     At  the"  upper 
side  tube,  sloping  downwards,  is  fused  on  as  shown,  the  other 
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end  of  this  side  tube  being  cnnected  to  the  .-pparatus  that  has  to  be  ex- 
l.austed.     The  lower  end  of  f  dips   under   the   surface   of  some   mercury 
coitained  in  an  open  vessel  k.     The  flow  of  mercury  down 
the  fall  tube  can  be   regulated   by  a  suitable  clip  'on  the 
flexible  connection  at  the  top.     This  clip  is  adjusted  until 
the  tailing  mercury  column  breaks  into  a  series  of  detached 
portions  which  successively  pass  the  opening  at  the  end  of 
the  side  tube.      As  each  pellet   passes  the  open   end    the 
space  above  it  is  filled  with  air  drawn  from  the  side  tube, 
the  communie.ition  with  which  is  immediately  afterwards 
cut    off    by  the   next   pellet   closing   the   opening,  where- 
ipon  the  air  so  entrapped  is  carried  bodily  down  the  tube 
K.     In  this  way  the  air  is  continually  withdrawn  from  the 
side  tube  and  all  apparatus  in  communication  with  it,  until 
finally  a  very  high  degree  of  exhaustion  is  attained.'  The 
process,  however,  is  obviously  a  slow  one,  and  it  is  there- 
lore   best   to   start    the   exhaustion   by   Geissler"s    method, 
reserving  the  Sprcngel  method  for  the  final  stages. 

A  form  of  Sprengel's  pump  is  shown  in  Fig.  jo;. 
In  this  form  a  bend  is  introduced  between  the  funnel  s 
and  tne  place  at  which  the  m.-rcury  column  begins  to 
break  into  pellets  at  the  top  of  the  fall  tube.  As  before, 
the  clip  a  on  the  flexible  connection  below  the  funnel 
IS  to  be  adjusted  until  these  pellets  are  formed  in  con- 
venient sizes.  A  hand-pump  is  shown  con- 
nected to  the  side  tube  for  th.  purpose  ol 
rapidly  removing  the  air  in  the  cirly  stages 
of  the  exhaustion.  A  barometric  gauge  g 
has  its  upper  end  connected  to  the  same^  side 
tube,  and  serves,  by  comparison  with  a  standard 
barometer,  to  indicate  the  degree  of  exhaustion 
attained. 

-Many  ingenious  and  complicated  combina- 
tions of  Geissler  and  Sprengel  pumps  have  been 
invented  from  time  to  time  by  Gimingham  and 
others.  In  some  of  these  successful  attempU 
have  been  made  to  shorten  the  length  of  the 
fall  tubes,  and  generally  to  make  the  whole 
apparatus  more  compact;  but  we  should  be 
led  too  far  from  our  main  purpose  if  we 
entered  into  detailed  descriptions  of  these. 
Some   of  the  modifications   actually  in   use   in 

. .,  „  3.-Spre„g.r,  „„c.„  Ai,     ,";-\"";^"""«^^  «'"   ^e  described  in  the  techno- 
Pump.  '  logical  section. 


Fig.  :>  4  — Pnnciple  at 
the  Sprepgel  Pump. 


PHrsics  OF  THE  Gi.on-  Lam 


UI. — PUVSICS    OK    THK    C.I.UW    l.AMI'. 

vSome  interesting  physical  pn.bloms  occur  in  connection  with  the 
ordinary  carbon  filament  glow  lamp.  It  has  already  been  mentioned  that 
Sawyer  and  Mann  heated  the  filament  to  incandescence  in  an  encloM.re 
filled  with  a  hydro-carbon  gas  lor  the  purpose  ot  strengthening  it  by 
the  deposition  of  carbon  from  the  gas  on  the  glowing  filament  Th^s 
process,    as    we    shall    see  later    on,   is   also   u.el   to   bring   the   filament 


n 


l-'ic.  -■■■6.-  Carhon  Filament 
i>f  Incandescent  Lamp. 


Fig.  io-,_M«|fnifie.l   Diajmrn  of  Carbon  Fi'a  iient. 


to  a  definite  uniform  rebistance,  and  has  been  so 
employed  by  many  inventors.  It  is  known  as 
"flashing."  The  effect  on  some  classes  of 
filaments  is  shown  in  Figs.  200  and  20-.  Fig. 
2C6  represents  a  carbon  filament  with  its  dep.-sit 
in  its  natural  size,  whilst  Fig.  207  repre>ents 
the  .same  filament  magnified  80  times.  It  will 
he  noticed  that  the  deposited  carbon  has  a  very 
irregular  appearance  relative  to  the  orjuinai 
solid  carbon  of  the  filament. 

Another  interesting  detail  in  the  use  of 
carbon  glow  lamp.s  is  the  evident  slow  disiiucgra- 
tioii  of  the  filament.  It  will  now  be  a  matted  of 
common  observation  that  .irdinary  glow  lamps 
that  ii.ive  been  sometime  in  use  become  blackened 
by  a  deposit  on  their  interiors,  this  blackening 
tending  seriously  to  intertere  with  the  trans- 
parency of  the  gla.s.  It  is  due  to  the  tlisintegra- 
tion  of  the  carbon  filament  by  electronic  discharges.  If  ,he  lamp  has  bee- 
much  over-run  a  relatively  transpare.U  streak  on  the  surface  of  the  glass  em 
sometimes  be  ..b,erved,  as  slu.wn  at  /-  /,.  in  Fig,  20^  A  c.ireful  examination 
of  the  lamp  will  lead  to  the  inference  tlu.t   this  .treak  is  the  shadow  of  one 
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sltk^'^"  "'--""em.  the  particles  blackening  the  glass  on  either  side  of  the 
streak  hav.ng  been  shct  „ff  from  the  other  side  of  the  filament    sav  frnJ! 

seSal  1?  I7t      ^"PPo^e  that  the  point  «  was  a  point  of  small  coss- 
sect.onal  area,  and  therefore  of  high    resistance  in  the   filament    and   that 
the    emperature  here  was  raised  much  above  the  normal.     Whilst  in  thi 
h^h  y  .ncandescent  state  the  carbon  particles  were  shot  ofT  from  the  glow  ne 

One  way  cil  showing  this  is  depicted  in   Fi»    jn»     \   .1        i  ?' 

U-shaped  lih,n,en,  ^ith  the  usual  telLb  A  Thas  ^IZ^"^  "'"'  ? 

£^,"1  r-sr  '""•""  '^=  "»■  -  •'-  u  ,!;rc:.re«e  ° ;  aS' 
<s  rouud ,.  ,.„  though  .he  ,a,va„r:':  rs'r/as'hi  Sair?^,;™ 

-^  This  current  is  m  the  direction  shown 

by  the  arrows,  and  indicates  the  passage 
of  neg:  tive  electricity  from  the  limb 
connected  to  b,  the  negative  terminal, 
to  the  metal  plate  M,  across  the  inter- 
vening  vacuous  space.  The  phenome- 
non is  essentially  one-sided,  ior  if  the 
terminals  b  and  c  be  connected  through 
the  galvanometer  no  current  can  be 
observed. 

Professor   Fleming,  who  very  thor- 
oughly studied   this  eflTect  in   i8qo,  by 
a   series   of    ingenious    experiments   in 
which  he  shielded  the  negative  leg  of 
the  filament,  that  is  the  leg  connected 
to  ".  '"  various  ways,  proved  that  there 
xZ  r  r  "'T     ''''T    "^    "'^g^'ively    electrified    particles    passing    from 
he  negative  leg  to  the  metal  piate  m.     It  will  be  seen  that  this  cxpla^^ 
he  existence  of  a  current  through  the  galvanometer,  as  shown  in  Fig.T 
<or  the  plate  M   bcng  connected   to   the   positive   terminal    of  the   supply' 
becomes  positively  charged,  and  when  bombarded  with  negatively  charged 

fh.  fln"'  T  ''"'""-■  '''"■^''  '^  ^""«  ^»'«i""^«"y  ""celled,  neJessitatmg 
the  fiou  of  a  ,,os,t,ve  current  through  the  galvanometer  to  renew  the  charge 
a  quickly  a.  ,t  ,s  dissipated.  Professor  Fleming,  by  using  condensers,  and 
.n  other  mgen.ous  way.,  showed  that  the  plate  m  does  receive  a  negative 
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Fic.  210.— "TTie  Eliton  Fffect"  in  Ihf  ('pen  Ar. 


charge  from  the  hlaiutiu   uiuler  tlic  coiulitioiis  .iiid  in  the  wav  imitated. 

He  tinally  proved   by  the  experiment   depicted  in    Fij,'.  210   that  the  effect 

takes  place  -ven   in  the  open  air.      Fij,-.  210  >iKnv,  an  unshielded  carbon 

nlament  ;  and  during  the  lew  seconds 

in  which  this  carbon  filament  can  be 

maintained  at  incandescence  in   the 

open  air  before  it  is  finally  consumed, 

the  "  Edison  Effect  "  is  shown  upon 

the  galvanometer  g. 

The  phenomena  described  above 

are  now  known  to  be  due  to  the  dis- 
charge 1)1   the  negative  "electrons" 

already   alluded    to   {,v,v   page    aoo), 

which  play  such  an  important  ]iart 
ill  all  electrical  actions.  The  raie  ot 
discharge  of  these  electrons  at  a  given  voltage  depends  on  the  material,  and 
carb,.n  •^•is  been  shown  by  Professor  Fleming-s  researches  to  be  a  material  in 
which  -.ay  be  as  large  as  one  ampere  per  square  ceiiiimetre  of  surface  at 
the  usual  temperatures  at  which  glow  lamps  are  worked.  It  is  verv  much 
le.ss  in  the  case  of  metals,  and  further  quantitative  experiments  on  the  point 
would  be  interesting. 

Metallic  Filament  Umps,— The  metallic  filament  lamps  to  whiJi 
reference  has  been  made  above  have  been  so  rccentlv  introduced  to  tlie 
scientific  world  that  the  special  phvsicnl  char.icteristics  exhibited  bv  them 
have  not  been  studied  with  anything  like  the  amount  ot  attention  that  has 
been  devoid  to  lamps  with  carbon  fil.imeiits.  The  "  Edison  effect  "  as  has 
been  just  remarked  above,  has  been  found  to  be  given  bv  the '  metallic 
filament,  as  well  as  by  the  carbon  ;;■  ..nt,  and  there  .ire  pn.bablv  other 
peculiarities  al  present  unsuspected. 

One  of  the  clii<>l  physical  rhai.,  >r  dcs  in  whi.h  a  metalhc  tilanieiU 
lamp  ,hllei->  In.m  its  cirhon  competit...  s  that  it<  loi.stanre  h.Ts  a  |M,Mtiv.- 
temper.ituiv  ro,tHcunt.  In  other  word.s,  as  the  temperature  iiuivases 
the  roLstance  .,|  the  lilanient  .ilso  increases,  whereas  the  opposite  i-  the 
<ase  with  a  ,  arbon  filament.  Thi.s  prop,  rtv  leads  to  a  distinct  a,lvan- 
tage  oi  tlH'  newer  filament  over  the  older  one  in  its  api.li.ation  to  clow- 
lamp  lighting,  especiallv  when  the  voltage  i.s  not  kept  absolutely  sti.ulv. 
^'ipl'o.se.  lor  instance,  tli.it  owing  to  sonic  defe.  t  in  r.gulation  at  the 
generating  station  tlie  voltag.-  ,>  su.Menlv  iiuiv.ise.l  ^  per  cent,  tluu 
more  current  will  he  tak.  n  bv  the  lamps,  mon-  heat  uiU  he  generated  in 
the  filaments,  an.l  the  temperatures  will  rise.  In  the  ca.se  of  the  carbon 
lilanieut  lamp  th.'  iiu.e.ised  temperature  leads  t..  a  decrease  in  the  resist- 
ance of  the  tilanient.  which  tlierefore  lea.N  to  a  still  furtlur  in,  lease  of 
tlie  current  and  ol  the  eiurgy  aUse.rbed  by  ilie  lamp.     Tlie  cundle-power 
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workuu        it  "  "  ""  '   '"■    "■  '''  ''"  '""'-^  '■'''^^-  »''<"  '-mp  was  already 
fil™       .   ■',  '^i»'il'-l'<nv..r.  It  u-,11  now  IH-  >..rio„..lv  overrun    tl.e 

Uiih   tlif  nKtallic  tilaiiunt   l.uni.  tlio  rase  i^  <li'r,.rpnt      ti.     ■ 
-^  tnuperature  due  t.,  the  .ne.va.A.f  cur    n    £.d    to  an  n J  *;  '"T" 
-...■..,  ;v....-h  tends  t„  e,.eek  the  nu.vase  ..f  eJi^lt  tj^T^tZ::!::^. 

rolah  >  he  le>s  than  ,n  t!.e  otl.er  ea.se,  and  tin-  effects,  h..th  on  life  and 
.  n  Uhceney.  vv.  1  alsn  prolahlx  he  dunmished.  Tlu-s,.  theorctieal  eonclus  uas 
Jin  l.onu.  out  hy  some  „,.„,.  to  ho  ,.ven  presenth-,  but  tl.e  el  InZ 
l.i^^>  .m-olved  are  worth  a  httle   hnther  eottsideratjon  '^'"^"^ary 

t  has  heen  i.o,nted  out  aho^■e  that  the  ...V  (,)  at  winch  heat  is  produced 
m  the  lilam.'nt  is  given  liy  llu-  equation  : 


Hut  according  to  Ohm's  law  : 


i-K 


c  = 


and  therefore  the  above  equation  ma\   he  written 


I'  „    K  ^  :      - 

K-  K 

Which  is  more  ronvenient  f,,r  our  present  purpose.  If  the  voltape  v  be 
increased  5  per  cent.,  the  numerator  ot  this  traction  will  increase  rather 
more  han  10  per  cent.  ll.  therefore,  the  d.-no„unator  r  be  diminished 
as  with  a  cariv.n  hlament.  th..  heat  produced  is  sfU  further  increased' 
whereas  ,1  the  value  ot  K  uici, ..-.  the  increase  counteracts  to  seme  extent 
tiK'  increase  in  the  xalue  ,.1  the  unnurator  ,,l  the  fraction,  aiul  the  he  it 
prxluced  is  not  so  i,'reat. 

The  foil.nvmf;  tigures  given  hv  C  H.  Sharp  exhibit  the  differences  of 
the  eltects  with  van.  ...  clas>es  ot  lamps  caused  by  a  5  per  cent,  increase 
m  tile  voltage  ah^ve  the  normal  : 


Material  of  Filament. 


I:i.-U'.i>.?  in 
CanJIt'-puwer. 


Carbon 

Metallised  farlwn 

T.int.ilura  ... 

TunL;sti'n 


Increa:!^  in  F.fficiet.cy. 
(Caiidlcpower  per  Walt. ) 


13 

II 
10 


It  might  he  inferred  hum 


,  ,    ,  '''^'  'i,i;t"<.-  ill  the  last  column  th.it  the  carbon 

lamp  he  i.ives  better  uiukr  tile  ixueas.  ..f  vuh.ige.  si„,,.  it.  etticieiicv  is 
incie.ise.l  15  per  cent,  a^  ag.iiu.t  a  10  per  cent,  increase  of  efficiency  forthe 
tungsten  h.mp   under   similar   coiuliti,.iis.      The   danger   of   this    increased 
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Metaluc  Filamkm-  Lamps.  ,., 

emciency.   h.nvever    h.H  b.cn  nlrcuiy  allu.ka  to.     It  „,.,.,  he-  n->u„Kd  ,1, ., 

I.She^t  .ate  temperature  c..n»stcnt  with  tl.c  prctrvaf.-n  „t  tlucarb.,,^ 
hancnt  ,..r  a  sutKiculv  lun«  period  to  ensurl  a  u..h,l  l.,e  .„  .,;  ,  o^" 
hour.  The  ,„crea>e  o,  the  e.r.ciu.cy  by  .=  per  cent,  mean,  that  X 
^^';T;"'^"  ^^^^^^  «-■-"-.  ->'l  tha..ahhou«h  the  lamp  i,  „..,n- 
cmcKiit  and  isg.vmgout  a  Kreattr  atuoui.t  ot  li^ht   tor  a  ijiven  uuu.titvof 

t  a    >   and  «,11  deteriorate  nu.ch  ntore  rapidlv.      It   i,   n,.   pos.ble  to  j-ive  a 
'lehn  te  e>tMnate  ut   the  ,horteni„K  "f  the  htc  o,  the  lamp  produced  by  th 
-er,tran,,  but  U  nuv  be  >a.elv  asserted   that  the  increa  J  cost   o        ^^.^   " 
lamp,  run   at  th.s  higher  temperature  will   ou.wc,,d.  the  >avin..  on  tl, e  co  ^ 
ot  the  energy  supplied  per  unit  o.  light  obtained.  ^  ' 

i.  S^'^rx'^rT^  '"■"'^''  chanuten>tic  ol  met.lhc  t.lan.ent  la-np. 
Jh  :',  "^T'^^  "•  I'"-  ""-reut  upon  mameut.  „u.|.-  o,  ,|,. 
m^  tutta^tun.  I  h..e  etiect.  for  dm-rent  tvpe.  o,  .  urrcU  are  u,  1 
shown   tn   t.,,   2x:.    „t  winch    i.  .ecu   the   appcara.uo   ot    the    nlatucut 
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Fi„.  ill  -liih  ct  of  variou^  k  i.as  of  currera  on  a 
itatjtum  Iil.im.  nt. 

when    pvaminci    niuler    a     mirPKrope     lu.|,,n      uid     ,f,  t     ti 

at    A.    and   imme.hatelv   above  ,.    ,h..   ..pp.a.an.e    atfr   ,],..   pa.s ,  ,..     „ 
cont.num,s   current    tor  4,,,    ,.,.,„.      t,.,   „,,,,„,,    „„,„.,,,    ,  ,,,,,;P,„,,!   [ 
marred  bv  >ur.a,v  p,tt,n.,  „nd  ,„  ,,,, .  „■,    nl.uncut  .,,.  I  ^        . , 
hy    a    Kn,te.       \M,eM     the    cu.rcnt     u-ed     „    a    rapullv    revL^cd    o,    „lt 
...ite    current,    a    type    e.xpla.ne,!    later    (s,v  Chapter   XIV.,.    the^e   dunj.  , 
16  '    ^ 
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l»M.iiii'  -nil  iiKHf  m.iikrd,  .1^  vlinwn  in  i  .  n.  .m,]  k.  lu  the  l.utn  two 
tlic  til.initiit  iip|.f.trs  III  be  hrokcn  up  into  Mrtions  jointwi  tngctlur.  tlie 
joint-  m  Minic  jiLucs  Ikmii;  vcrv  iniin  ifcct.  Thf  -umo  eltt-rt.  thon.di  not 
M)  iironimnccd.  can  1m-  >trn  :n  c.  Thi^  Ixli.ivriir  of  the  tant.iluin  lil.i- 
mcnt,  wliidi  shows  tliat  it  is  not  -uitahlc  lor  altcniato  .tintutv.  ha-  not 
\it  h.(ii  txplaintd.  If  1-.  howfvtr.  worthy  oj  note  that  no  j-uch  clitrt 
lia-    lirtn  111 i.-crvt'd   witii   tinii,'-tcn   lanii'-. 


\\ 


IV.  -TTir-    ri  riPKir    \ur. 

A  mudi  more  coiniilKatiij  '•  JR-almj^  t  licet  "  of  the  cnrn  nt  than  that 
niadi-  li.-f  ol  in  .ylow-lanip-  i-  witness'^  in  tho  now  widclv  u-id  an  iamiis. 
Attention  lia-  aluady  Ixcn  ( alkd  (see  p.  8j)  to  the  l>reaking  down  ot  the 
diekxtru  and  the  pa-sat;.'  ot  a  "spark"  wlun  tlie  eloc  tio-tatir  -trains 
lierome  -iithricntly  great.  I  he  light  so  ]irodurcd  <loes  not  ne.  r--anl\  imply 
the  tran-tonnation  of  energy  into  tlie  ordinary  lieat  of  hot  -olid  iio,li,s, 
altiiough  wlien  radiated  the  radiant  heat  differs  only  from  light  in  dei:rec 
and  not  in  kind.  The  "  -park  "  referred  to  ai)ove  i-,  thenloiv,  not  a  purelv 
"thermal"  etieet  in  tlie  onlmarv  ac  eptation  of  the  word,  hut  -iiiee.  in 
the  main,  as  n-ed  for  lighting  purpo-e-.  th-nnal  elle(  t>  inedominate.  it 
will  he  convenient  to  consider  some  of  them  hert'. 

When  the  ciiviiit  ol  a  vok.iic  battery  is  interrupted  at  aiiv  plate,  a  -park 
is  observed  -imilar  t.i  the  one  obtained  from  a  Leyden  jar.  The  -parks  arc 
obt.iiiied  most  ea-ilv  with  metals  ihat  evaporate  or  burn  at  the  place  of 
iiiteiruptioii,  and  their  colour  depend-  upon  the  metals  which  liapi)eii  to  be 
at  the  place  of  iiuerruptioii.  The  spark,  however,  is  not  oh-erved  when 
the  circuit  ot  a  battery  eon-isting  of  a  tew  cell-  i-  made.'  In  this  e,i-e  we 
may  e.Nplaiii  tile  commencement  of  the  spark  when  the  circuit  i-  graduallv 
broken  as  follows:  We  have  -ecu  tli.it  .i  wire  through  which  a  current 
How-,  glows  most  intensely  when  its  cro---ection  is  .-mall.  Such  .i  dinii:ui- 
tion  ot  -ectioii  takes  place  always  when  the  circuit  of  a  voltaic  batter\-  is 
interrupted  ;  the  crcps--sectioii  i-  dimiiii-hed  ir.ore  .iiui  more  as  fewer  and 
lewer  ]>arts  touch  e.ich  other,  an,!  tiiKilly,  the  tew  i).irts  still  in  contact  Ixgiii 
to  glow,  lu-e,  burn,  or  evaporate  ;  the  burning  or  ev.qiorating  p.irticles  then 
lorin  the  electric  spark.  We  -hall  see  Liter  that  when  there  is  iiuhietance 
in  .1  circuit  an  additional  le.i-.n  e\i-ts  loi  'he  lorm.ition  of  a  brilliant  -park 
at  tile  pi. ice  where  the  ciu  ml  i-  Inc. ken. 

X'oltaic    batlerie-   are   .ible    to    uIm-    -p.nks    -till    more    re-emii!iiig    those 
Ironi  a    I.evden   jar   when    a   nieat    number   of   eell-  .ire  combined.     Cro-se 

*  ],„  .il,i  liro.islil  til-  |..^le,  ol  a  is^elv.-eell  ^ir„   pl.imuim  l..iitcry.  by  means  nf  a  mirro- 
nitlti  -crew,  to  a  di~t,iiKP  of  oo.uj;  millimetre  uuliout  obtaining  a  sp-irl^. 


The  Ei.tx. 


!^n-  Arc. 
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obtained   spirks   at    the   place   oi 

vOpiKT-zilK     cells     in     (.ilCUlt. 

hattt 


iiiterniptinn    uith    a     iialtiiv     ■'     i  •  -f, 

.;z"TT -":--'^;''.";rt,,,r """ 

pparks  can  bo  ma<k-  lo  pa.-  ..,„,i„.K.IIv.  w,ih..ut  u>,n^  ..ah  " 
hv   br„,.,n,    the  p,.k.,   „t   .,    p„vver.ul    bat-crv  ,n,c.l,e,,  an  I 


:l)«.tn  a  vhort  di>iancf  apart  tr.im  each 


'  f'l    in^h. 

laii^i-  oaitii:i-s, 

ilicii   liraHini^ 

II  ■  -      'ther,  when  \vc  (ibi.nii  w!-.  it  i<  Ln.,,,-.. 

imilcr  the  name  olthc  ?'/■/„/     ,,        Tb..ti,t,>l.       i  '  ""  ^*  ■  "  i~  Kn..un 

w..  pro^b,  r...  <...., ,,,,  j.:;;:r:,:t  h:;::;  :;.;;;:;;-:: 

cp  rated      The  .park,  cuntutue.l  to  pa-,  until  ti,e  .ii^tance  n,  the  carh„ns 
iron,   each   other   wa.  4    „„  !,e-,    when   he  .iMau.e.i  a  .nlen.h.i  ar.    ,V t" 


Fig.  Ji:.— A 


A  very  good  efTcct  is  obtained  by  using  :o  to  30  Grove's  or  Run -en's  ^Hs 
Ihe  length  ot  the  arc,  that  is,  the  distance  of  the  carb.m  point-  •-,  ,„  ^ach 
otiier,  may  be  ascertained  by  means  of  tlic  apparatus  devised  by  Wie<ieii«nn 
-Uunvn  m  iMu.  z,,.  o  is  a  be!l-jar,  which  fits  the  air-pump  jr.  t  air' 
t.glit  and  has  at  the  top  a  stop-cock  h,  bv  means  of  which  tb.  r-er  ur 
can  be  cut  off.  The  rods  a  and  />  carrv  the  carbon  po„u-  T^u".,,d'<. 
goes  through  the  stufTrng-box  s.  and  has  a  scale  to  indicate  the  ,;.-,  uKe 
ot  the  pomts  from  each  other.  When  the  air  is  exhausted  in  ti,e  beil-,,r 
the  pomts  may  be  removed  farther  from  each  other  without  de^trovu...  the 
arc  than  when  the  jar  is  tilled  with  ordinary  air  under  ordin.uv  u.ersure 
Davy  exhausted  the  air  to  02.  nich  pressure,  and  moved  the  carh/n  points 
from  4-3  mches  to  7  niches  di-tance  from  each  other.  Depre.  found  tint 
«'.th  a  vertical  arrangement  of  ,1,.  carbons  the  arc  becomes  laigcr  when 
t.ic  positive  puic  u  above  the  uegatuc  ^oie.     The  arc  is  greatly  inth.enced 
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by  tile  material  uscil  lur  points,  and  it  has  been  observed  that  the  morf 
vyi.itile  tlu-  material  of  which  the  electrodes  are  made,  the  more  easily 
is  the  arc  ■  btained.  It  is  diHicult  to  obtain  an  arc  witli  platinum  points  ; 
easier  with  [loiiits  consisting  of  metals  such  as  zinc,  etc.  ;  easiest  with  carbon 
points,  espicially  when  saturated  with  some  salt  solution.  Casselmann 
obt.iiiieil,  with  a  44-cell    Dunsen  battery,  an  arc  018  inch  long  when   he 

used  carbon  points, 
but  an  arc  of  double 
that  length  when 
he  soaked  liis  c.ir- 
boiis  in  a  soluiiun 

of  pot.lsll. 

Attention 
should  be  draxrii 
here  to  tlie  curved 
shape  of  the  spark 
which  is  shown  in 
Fig.  21  -•  ;  this 
curved  slui[ie  is 
caused  b  y  t  h  e 
electric  stre.ini 
being  carried  up- 
wards by  the  cur- 
rent^ ot  air  which 
ascend  from  the 
heated  space.  The 
cflect  is  interest- 
ing, as  to  it  is  due 
the  term  "arch," 
.Trst  Used  b}'  Sir 
Huiiiplu\  Daw 
and  after  .\Mrd> 
sIiortciu<l  l<>".iri," 
the  term  now  uni- 
versally emploved 
to  denote  this  form 
of  continuous  discli.iiKe.  With  the  electrndes  vertical  the  curved  shape 
Kives  place  to  an  ahiiu-t  straight  line  of  light  under  oidiiiary  circumstances. 

riie  "arch  "  or  "arc  "  form  is  still  more  strikingly  displaved  when,  with 
liMn/.,iital  electrodes,  iinali  higher  potcnti.il-ditlerences  than  usual  are 
cniplovcd  to  pn.duce  the  cllca.  Fig  ;i,!  represents,  on  a  scale  which  is 
oiie-hall  the  aau.ii  sue,  an  "  .irc  "  produced  in  some  experiments  of  Messrs. 
Siemens  and  ILiJ-kc,  in  which  they  u-ed  an  alternate  electric  current  with 
a    potential-dilKieiKe    o,'    20,000   volts    between    the    eleUrodes.      This    arc 


Fig.  11  ;.— .Mrffriiate  Ciiirent,  30,000  Vnit  An 
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made  a  •' lou.l  lumiminK  ;""1  ilaci-iiiu  ii...->-,  .nul  fl.ipj.oj  ..i.o.ii,  kin , 

i.\nic.l  away  hv  the  ~l,KlUc-t  .Ir.um!,!.'  Suh-..;.uut  vxpi-i  nnuit-  nv 
Cr.u.kf^  show  that  iiiukr  these  > .  .n.liti.  .„s  the-  llaiiiiii-  .iinhaiui'  .,h-uvol 
tc-iisists  ct  cndoilKniiic  llamc.  ,A  the  nitromii  ami  >.x\i;eii  (,t  tin-  .,it. 

The  appearaiKo  ,,t  an  nnlmarv  Me.ilv  ilcetric  are,  a-,  lormeil  l-e'lwreii 
j-.'hii  carh.iii  i,h1,  umler  the  ii-iial  euii.htioii,  I>.|  ..pen  arc  h>;luiiiL;,  i.  a 
beautitul  plicil..ineil..Il  we>nhv  ot  taretul  stiuly.  A^  the  h«ht  is  to.,  .la/zlniij 
fiT  ilireet  eye  observation,  it  is  iieee>>.iry  to  u^e 
some  eleviee  for  toning  it  down.  Dark  coloured 
j;la>ses  do  this,  hut  .t  better  method  is  to  pro- 
jut  the  arc  with  a  convex  Ici)^  on  to  a  wliite 
screen,  on  which  njost  ot  tlic  detail-  can  be 
examined  without  discomfort,  liy.  ,.14,  taken 
from  a  drawing  in  .Mrs.  Ayrton's  book  on  "  The 
Klectric  Arc,'*  wa*  ..btaind  in  this  way. 
rile  arc  Used  was  oi'i  inch  lony,  .mil  was 
(ormeii  between  solid  c.nbons  fed  w.tli  ,1  tiirrenl 
of  ;o  amperes,  at  a  P.D.  './elween  the  cirb.  .n-  of 
:o  volts.  The  upper  or  +  carbon  lorni-  .1  crater 
with  an  intensely  brijjht  surl.ice.  aiul  j;ivis  ut 
light  ill  directions  embracing  an  angle  ot  .1'-,  .ut 
'\:'.  The  end  of  the  lower  or  —  carb.  ,1  0:1  ilu- 
contrary,  is  pointeii,  ami  has  .1  bright  tip  wliie'n, 
however,  is  not  so  brilliant  as  the  +  cr.iter. 
The  gas-like  arc  pl.aying  belweei  the  two 
has  a  '  Mutiful  violet  eentrai  p,in  liinged 
witli  a  .  .er  space,  and  sirrouiiilcd  by  a  green- 
ish ciivei  The  ends  ot  the  carbon  rods  sur- 
rounding >!ie  brilli.mt  tips  relerred  to  above  are 
first  a  brightish  yelluw,  whicli  further  oil'  tones 
aw.iy  to  ,.  duller  red,  and  liiiallv  becomes  dark. 
Hat  the  most  curious  appearances  are  the  d.irk 
masses  of  viscous  matter  which  seem  to  bubble  and  boil,  and  lori.i  bright  -pots 
round  the  bright  c.ube.n  rod-.  ( )„  the  -  e.ub,.n  tlic-e  .ii)pe.u  ,is  bright  boil- 
ing balls  at  the  junction  (.f  the  light  .md  d.uk  regions.     ()„  the  •4-'"e.irbo„, 
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where  they  are  not  as  brigli;,  they  ajipear  more  as  the  fr.ived  ends  ot  tlie 
eulicle  of  the  carb..n.  which  sce.uis  t,,  be  peeling  otT.  The  en-.;,  ot  tlie-e 
boil  and  bubble  under  the  heat  of  the  arc,  and  app.irentlv  are  burnt  iij.  -] 


\. —  \y,c    I, AMI'S. 

The   use  of  the  elccric  arc  as  .i   light,  either  for  expenmeiit.il   v,..ik   or 
for    illumination,    was   a   problem    which    engaged    the    attention    ..t    in.niy 
bcicntilic  men    and    inventor:,    during    the  li,^t  three-quarters  ot    the    nine- 
•  TI;.-  t::ut>uiaii  rrmtirig  .intl  I'libhshing  Co  .  I.imitcel. 
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Ic.jMth   Ci:ilui\.      Hut.  with   dills    |.iiin,<i\    ImiiitJc^  av.iil.ihic  n^  a  .our.  l-  o' 
aarciit    cucrgv,  an   ccnotnical    .nl,u,.,n   ..f  the   pn.hlc.i,  whiU,  >houIcl  br>n« 

th.-  hslit  uuo  ^rci.eral  use  as  an  ilhuumant  «a,  un; .I.lo.an.l  alih.,u«h  «.„,« 

ex.ollc.u  ,arnps  were  produced  uhich  w.rkol  ue!l  ..n  hatterv  circuit* 
t  R.r  u,e  ua.  contuicd  ahn„,t  entirely  to  the  lecture  n>„n,  and  the  lahorat-rv' 
With  the  development  of  ti>e  dyna.nu  machine  the  conditions  were 
protonndiv  changed,  and  .he  -.imher  of  ditlerent  lamp,  insented  during  the 
i.i.t  thirty  vears  nas  been  legion.  In  this  section  <.f  the  book  we  shall  brietiv 
refer  to  the  earlier  and  now  historical  lamps,  leaving  to  the  later  section  the 
description  of  some  of  the  modern  lamps  and  their 
adai)tation  to  general  purposes  of  illumination. 

Reference  has  already  been  made  to  Davy's  exhi- 
bition of  an  arc  light  in  isio  at  the  Koyaf  In-titu 
tion,  when  to  obtain  the  necessary  current  he  u-ed  a 
battery  of  2.000  cells.      Foucault  (1844).  instead  of 
usmg  charcoal   enclosed   in  a   vacuum,  as  Haw  did. 
made  use  of  carbon   from   the  retorts   d   gasworks 
which    is    much     harder,    and     consequentlv    not    so 
soon    consumed.       Deleuil    made    use   of   Foucault's 
hand  regulator  to  light  the   Place  de  la  Concorde, 
Fans  ;  It  was  placed  on  the  knees  of  the  allegorical 
statue  of  the  town  of  Lille,  and  was,  perhaps    the 
hrst    occasion   in  which  the   arc    light  was  used  for 
outside  illumination. 

Previous   to    1S4:,    the   operations    necessary   to 
itart    the   arc   and   to   iiuiiiitain  the  carbons  at"  the 
.        .    ^  ,  reLjuisite    distance    apart    were    perlormed    by   hand. 

In    that    year     however,     Thomas   Wright,    o,    London     deviad    a   fan,-,   in 

We1'u       'il^tr'T?/  '''  ""'"'^    ""^    "^^""^'^^    ^''""^    automatically. 
\Ve  lave  already   stated   (page  .4.^)  that  to  obtain   the   arc  it  is  necessary 
to  start  a  current  in   the  circuit,  eith.  :    by  bringing  the  carbons  together 
or  otherwise,  and  the  current   h,.vin.   l.en  st,  t.d.the  end.-  of  the  carbon 
electrode,   must  be    kept   within   a  ccrt.un    distance    of  each    other    c^Mier 
automaticallv    or   by    the   continuous   intervention    of  an   att.    dant'       For 
most   put po,e,   the    operations   ot     •  strik  .g    the   arc"    and    or    regulating 
the    d.taiKe    apart    ,      the    carboi.      must     be    aceomp,i,hed    autonuticall/ 
.ollow.ng    U  right,  \\.   h.  St.iite    ,■,    .,^s    ..ed    th'e    electric  current    to 
adjust    the   position   of    the   ca^  •,0,.,  and    Archereau    in    ,84.   constructed 
the    lamp   repre^entedin    I-ig,    .,5    on    the    Mine   principle    as    had    been 
used    by  Ntaite   and    I'ene.       In    Im,.    ,,5,    ,    „,   ,   ,,   .^    ,,   ,    ^^^^^.^^ 
copper,  n,  the  fixed  positive  carbon      The  solenoid  ,  is  fastened  between 
the  r,..L  K  K  ando  H.      lo  the  iron  rod  j  k  is  lastened  the  negative  carbon 
/.     l.ie  carbons  are  pressed   together   by  the  cord  which  passes  over  the 

pullev    ;  Jf.ached   to   the  ne-.'-e  cub.-,   n  )    ,.,  1      11    •     , 

"^        -     -  "■    '"-a «=   carno.!   ro!,  and  wind]   is  kept    taut    iiy 


KpKuUror, 


Z'r/.i'.stv'.s   ,-/ac"  /  i  I//'. 


-47 


•  ine  iir  the  otlicr  clockwork  can  be  >tn[)|)cd. 
Fig.  :i6,-r>!ibow)s  Um|.  One    cluck     causes     tlie     caIi)<>tl-Il()l(leI^    to 

approach  each  otlier,  the  other  caiio  them 
to  recede.  The  wheels  are  so  Reared  that  ..iie  of  tile  carbon  holders, 
the  lower  one,  is  made  to  move  twice  as  fast  js  the  other.  The  current 
enters  at  c,  flows  into  the  solenoid  e.  through  n,  and  leaves  the  lamp 
through  the  upper  carbon-holder  h.  When  the  carbons  are  at  the  right 
distance  Irom  each  other  the  forces  of  the  solenoid  k  and  the  spring  r 
are  ba!:inced,  and  t  /  sta;;cis  niiJu  ,^  between  tiie  >|.ur-w  iieei>.  stopping  both 
clocks.     If  the  distance  between  the  carbons  becomes  too  great,  on  account 
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Of  the  greater  resistatuc.  the  current  diminishes  .u.d  with  it  the  force 
of  attraction  ot  the  M.lenoi.l.  The  sprit.^  r  will  draw  T  /  t<.w..rds  t^e 
nght.  liberatniK  the  clockwork  connected  with  u.  ..nd  causing  the  carbons 
to  niove  tow.,rd>  each  other.  As  soon  as  the  nulu  length  ol  tl,e  arc 
IS  obtained,  the  xOeiioid  will  also  have  regained  its  original  force  of 
attraction,   and    will  draw   the  armature   again    towards   itself,  causing  t  / 

again  to  stop  both  cl.'cks.      When    the   arc 
is   too   small,  the  force    of   the    solen.     ;   in- 
creases, and  draws  t  /  towards  the  left,  hher- 
ating  the  clockwork  connected  with  the  ^pur- 
whcel   o',  which  caus<s  a    -epar.i'ion  ot    the 
carbons  until  the  normal   length    .'    the  arc 
is   obtained.      When  working  on   a   primary 
b.itterv  circuit   the  lamp  gives  a  fairly  steady 
light,   but    the  complicated   mechanism,  and 
necessity  for  re-winding   the  clocks,    prevent 
It   being  largely  used    for    modern    purposes. 
Moreover,  only  one  svich  lamp  can  be  inserted 
in  a  circuit. 

Another   excellent    lamp,    which,    besides 
holding    for    a    long    time   a    liigh    place   in 
lecture-room   and   laboratory,   was    the   fore- 
runner of  a  type  which   has  included  many 
modern  lamps,  was  the  lamp  first  constiucted 
bv  Serrin  in  1.S50.     I„  this  type  of  lamp  the 
force  of  gravity  moves  the  carbons,  and  thus 
drrvts  a    train   of    clockwork    which    can   be 
'■  lUcil   bv  the  action  of  the  armature  of  an 
e.cctro-.uagnet    .is    in    the   Foucault-Dubosiq 
i.iinp.       'Ihe    lamp    is  depicted   in   Fig.  21-. 
The    upper  positive  carbon-holder  b  has    in 
its  lower  section  a  rack  a,  the  teeth  of  which 
are   geared   with   the  teeth   of  the  wheel   f. 
Upon   the  same  axis  as  k  is  a  wheel  g.  the 
radius  of  which  is  one-half  of  f.      From  g  a 
steel   chain    runs   over   j   to  an    ivory   piece 
■       ,    , ,  .  '^■•^"^'^  'S  connected  with  the  lower  necative 

carbon-holder  k.  At  the  botton.  of  the  lamp  case  there  is  an  ele  o 
magnet  K,  the  horizontal  arn.ature  z  of  which  is  fastened  to  the  pa  a  lei 
gram  «  s  T  v.  r  s  can  turn  about  r.  and  t  u  can  turn  about  t  Tht 
vertical  side  s  v  is  cnnected  with  the  cross-p.ece  carrying  j.  To  prevent 
he  parallelogran,  tron,  being  drawn  down  by  its  own  weight  there  are 
two  springs  r  (the  second  is  not  shown  in  the  drawing),  on^  of  whkh 
uiii  be  adjusted  by   means  of  the  screw  6  and  the  lever  a.     The  springs 
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.re  so  rcRu  ate.   that  «  s  ...ul  r  ,•  st.nul  l,.,ru.,„:..llv.     The  laM   vvh..l  .  ,,.„„, 
the   star  wheel  ,n  wh.ch    the  thr.c.cor.Krc.i   ..uk   ,/  .atchc-      When     Z 
upper  carb„n  .s  drau-n  up.  ..s,  for  „.t,.Kc-.  t.-r  th.  p„rp..e  ..»  „x,n«     '      K  , 
the  wheel  k  or,lv  w,ll  he  .n  ,„,.t,o„,  the  re>t  o,  >aI  .!, .kwork  b  mi  a    u     " 

.Tt^  he  carbon  ^  '1  "'"'T'  "T  """"^"'  "'^'  '"^'^"  P"^''""*  '"  "-  '"■  P 
nto    he  carbon-holder  n.  th,„„Kh  the  e..rb,.„.  ,„  k.  through  the  .p.ral     /  to 

pa «: ThroucMtr ^""""'"' """ "^ ^'^ -*^"- '  whoi : .,; : 

parallelogram  .)e.ce.uls  an.l  earr.e.  wul,  it  the  luuxr  carl^-n  hohle,  The 
upper  carbo,,.h,,|.ler  „  ,.s  ,a,.ed  bv  nuans  .,f  u,  connection  with  the  uheel  k 
The  carbons  are  thus  separated  an  l.e  arc  -truck.  In  spite  ..t  , 
he  upper  carbon-holder  ea,„,„t  fail  on  he  lower,  as  the  click  ,J  ..n. 
spur  wheel  f,  ami  arresLs  the  clockwork 

the'^'"''    'T'^'"''   '""'T'   "■"''   "'« '■-"^"•"rti-n  of  the   carbon. 
orinTM      ^''""'"  '''''^''  '"  '""   ^•'^•^-•^'^■'"•'«'^t  becon,e,  wc.kc 

causS    bT    'T'  r""l   """  """"■  •""'  ^"''  •''^^-   P-aIleloKra,n    u,,.,. 
causing  the  ch-k  ./to  be  ^„sed  and  the  clockwork   to  be   IHurato       The 
carbon-holder    h    now   s.nks.  an<l  o  is  turned   bv  nuans  of    th      vLl 
the   clunn    h    ra.ses    the    lower  carbon-holder   k.   ,,..  the    two   carbonV 
brought  near  to  each  other  once  more. 

esDeI^fallv^'bv"l'"T   "",  """I"'"'   "'  ^^''•'''^  ^>-  ^^^'""^    '"mentors.  , e 

especaly    by    Lontm,    who    placed    the    re,,^ul.ctn,^r    magnet    ,.s    a    sh.m 
across  the  carbons  instead  of  in  series  with  -hen, 

Electric  Candles.-In   connection  wit::   thi-  sccMon  ot    the  subicu  we 
rmis      ,c:ler    to    ,,    .ot.dly   diHcrcnt    mctl,    1    o,    f„|„|,in.    ,),,   c    ul      ,   ! 

r.Iv.      f  .1  '    "''    '"■'^""•''       -'^^'"c   candles,"    in    whi.  h    the 

once   tor   all    by    the    method    o!    con-truclion  '„.    fir-,  •  „ 

pn^ctica.    candle  was   constructed    by  plur^Jlochk;^  T.CZ::'"^l 

aUhouTh"  IT  '^"^^:'^^^\'-  P-'— r.  the  indention  of  he  |  ,.1; 
although  he  did  not  intend  it  for  electnc  ligluu,«,  but  to  .  ve  ;^  a 
kind  of  borer  for  rocks,  being  constructed  on'the  s.nu  prhicw-e  Wer! 
dermann  allowed  an  arc  to  form  between  two  carbon,  para  I  i  to  "h 
other,  but   separated    by   a    laver    of  air    an  i    he    tb.         ,,  ' 

of  air  or  steam  to  pass  between  tliem  Tie  fT  ,  '-'"''.'■'V'  '""^"' 
pr^duc^  by  a  blow-^ipe,  but    of   .^r  high '^^X^  t^^' m '^  t^ 

oM^tc;^:rd;;i;:s  t^i,  Sr  - ----•>■- 

sist^V^two'^'n^rl^  f*"**!'--'''":  """"^-  "^-^'"^^  by  Jablochkon  ,on- 
oSe?  h  ^     P"^^"--!    ^'^--bon    rods   a    h    .Fie. --,,S),  set^arated    ,ro,„    .  ,,h 

hln  h-,  K  ■■''  °^  Plaster-ot.Paris  :  the  lower  potions  of  the  carbons 
had    short    brass  tubes  fastened    to   a    plate   /;.   .igainst    which    two    ,      , 
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»I)rinfjs  r  and  ^r  prc^siJ,  aiul  tlic  current  wa>  c(  uiucled  through  tiic 
latlcr  int..  the  candle.  A  thin  pl.ite  <.t  Kraphite  f.  which  .-.ervcd  t.,  Hght 
the   caudle,    was    laid    acm-,    the   two   carbon   points,    and   held   in   poMtion 

hv   a   pajKT   band   V.      When  the  cand!-;  was 
inserted  in  the  cncuit   a  current    pa>-ed  from 
one  ot    the  carbon    rod,  through    the   con- 
nectnij,'   piece   at    the    top    to     the    second 
carbon    rod.    and    tlien    back    aj^ain    tu    the 
source  o!   electricity.     The  connectinR  piece 
became  heated,  and  after  it  had   been  vola- 
tiii.-ed,    the    arc    lornied     between    the     two 
carbor.  rod,.     As  the  carbons  were  consumed 
tile    insulating    hner    fu.>ed    and    v..k.,tili,ed. 
Since  the  poMti\e  carbon  is  cou^unied  twice 
a,    quickly    as    the    ne<,Mtive.    it    nuiNt    have 
twice  the  cro,s  -ection  of  the  negative.     This 
proportion  is,  however,  not  exact,  and  as  all 
candle,  are    not    coii-Minied    at    e.xactiv   the 
same    r.ite,    alternatiiii;    current,    hud    to    be 
u,ed       A  c.iiidle,   the  carbon   <n^~,  of   which 
h.i  !    a    CIO,-,  ,ection   ot   ooo';   ,ciuare  inches, 
and  a  length  of  from   Js  S   to  o  inches,  burnt 
a!>.>ut    i\   hour,,  producing  a   light  ot    loo- 
caiidle     power.      Several    candles    could     be 
inserted    in    one  circuit,   the   light    intensity 
Of    the    sum    ot    the    candles    being    greater    than    that    of  a    correspond- 
mgly    large   single   candle.      The    rea,on  ot    this   was    th.u    not    only    was 
the  voltaic  arc  between  the  two  carlvons  luminous,  but  also  the  volat'ilising 
substanc.   between   the  carbon,.      When    from  two   to   five    candle,    were 
mserted  in  one  circuit,  by  tuniiiig  a  commutator  one  candle  after  another 
could  be  lighted.    This  arrangement  was  very  inconvenient,  and  if  one  ot  the 
candles  ^^■cm  out  from  some  car..,e,  all  the  other  candles  in  the  same  circuit 
went  out  too,  and  could  only  be  religiiteu  by  turning  their  respective  c    ntnu- 
tators.       lo  prevent  this  there  were  invented  various  ingenious  automatic 
devices,  which  will  be  found  described  in  the   1893  edition  ot  this  ho  ,k. 

Instead  of  u,ing  solid  in,ulati.ig  substances  some  invent)rs,  notably 
Wilde,  .Morin,  and  others,  u,ed  air.  and  made  one  or  both  the  candle  rods 
movd)le.  The  .lr.iwb..ck  ot  the  air  insulation  is  that  if  the  carbons  are 
parallel  the  arc  may  travel  up  and  d..wr  the  gap  in  an  erratic  manner 
Monn  got  over  the  dilficultv  by  ,l,ght!v  inclining  the  c.irbous.  so  that 
they  were  nearct  together  ..t  the  points.  .lamin  employed  a  very  ingenious 
device:  he  set  the  cariv.n  pciic.'  parallel,  but  surrounded  them  with  .1 
so.enoul.  the  magnetic  Held  ot  «hich  forced  the  arc  toward,  .uid  kept  it 
at  the  points,  the  .ution  being  similar  to  that  of  the  m.ignet  in  Fig  2'.i 
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th.>  ,..rn,  „t  cIcctrK-  ,!lu„nnat„.n  l„.,n  muIum,  Iu.„Kv,,v  unnmcTa  'lly. 


VI.— r-M-i.  ii-\,  \    1,1.   >„,ii^  (.s  ,,|. 


I  \'\\\\. 


W 


iviiiff  now  (if.-crilK-,i   the 


t..   tun,     ,  ll      ,    l"'"'"^"""    -!  ."t.tuul    .lluMnn.U,,.,,.   it    u  ,1!    1,^    ^uw^^.uu. 
tu        Mde   ..,r    .   m.„u.,u  t,.   „n,tnrc   h,,.   „„.  ,,   „.    ,„.  .„,.,,,.  ,,,,   „; 

s;;pp.i..  to 'the  .anjj'^:' •.,;,;;.:•;;:  rh::;^::;-.:"L;-;ri:;;:-;s 

iu,re    what    prop,.,...,,  ,,f   the   .,e„v    ,,.h..tc.i    ,s    u„h,n    ,    ^        i,,' 

:  !;:•  r;;ii;;:;t;'';:;:;;s;::  :::r.::/'— 

h-«cvcr,  are  ri..t   o.iiMdei.  Lie.  ^^nKli. 

It    shoiilJ    l,c    e.xplaincil    here    'hi-     .P    i  „',  .>>.     .„  ■- .  >  ■ 

o  ue,u.,,  then,  bv  their  .,...,.„,M.,  that  ..  hv  the  d.ta.K  M  " 
sucee^.ve  cre>ts.  In  any  bean,  ot  radiant  eneruv  there  n>av  be  ,,  v  ■ 
together     ,„    what    w..uld    appear    to    be    n.exfae'ble    co,  ,n  .a  o 

'■-V  .h.    ,.u  wave-len«,h-,  the  wi,olo   f„„n,n,  a    disturbance  o-xU 

"«  unnplexuv    ,•.,   the  tranMn.ttn,,,  .  .eJunu.      Fo,tu„atelv.  the    n.etho  I     of 

spcc  rum  analv>,s  allow  us  to  separate  the  ch.].  ,e„t  con  ^onent  ".   „  ^ 

another  and  g.vc  us  ,n  the  spectnnn  a  band  o,  radiant  energv  eaci    no       ,' 

o^   vvh.ch    has   a    dejinite    wave-length.     Kvenone   is   fannlt."   n       'n 

S  Ml  '"     "  """""    """"  ^■'""  ''  -'"'—'-red  >pe.  trun,  .  p,Xed 

n^tit'l'T"""":  ""''•  ^""  "^  ^'^^'^  P-.tieon;eoutltron;j 
in  the  ti.st  place,  the  wave-lengths  are  e.xeeedi,;glv  sn,all  (ranging  between 
ahoft  3..  and  7S  n,iI,ionths  of  a  eenti.netre  :    ,.,     ,  c  =  and  u    m,H,on  h  ■ 
an    .neh,,  and  are  all  comprised  within   about  a  s.ngle"  ocr.ne   o^^r         ,  ' 

o.,  the  run.a  ot  the  eye,   ex,-,-  outside  the  hm.t,  of  the  v.ible  speetnnn 
•nu    e..n  be  detected   bv  other  tnethod.   such    energv  hav,.,.  w.vcK.L 
both  longer  and  shorter  than  those  above  .(u.'ted  ^^''^-'^  "^'l'^ 

Ihe  d.str.but.on    ,>  the  energv  in    the  .pcctrun-  ot  the  eleetu     nr.    has 
been  ,nve.,g:ued  by  Lan„     ,     „  ...  ,..,„„  ^.^  ,,„„„„^^,  ,„  ,„..^;;  ^^^  - 

m  f  .g  -.  -.     In  th.scurve  the  h„„,:o,„al  d„tancc.  reprcsc-nt  wave  length,  in 
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if 
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thousandths  of  millimetres,  and  the  vertical  distances  represent  the 
corre>p<  ndinK  energy.  The  two  dotted  vertical  lines  represent  the  practical 
liii.its  ol  the  vis>bie  spectrum,  and  only  the  portion  of  the  curve  between 


■If;.  219.'    Krirrcv  Curve.     Ele  Irir  Arr  Sj^rtnini 


these  Imes  represents  the  e,>eryv  winch  is  iise!u!lv  fn,pioved  in  g-vm-  HrIu. 
This  energy  is  about  t,',  of  the  whole,  and  therelo.'e  oi.iv  about  v;  per 
cent,  of  the  energy  ra.iiated  by  the  arc  lamp  experimented  with  is  available 
for  purposes  of  illumination.  We  in?v  therefore  sav  that  the  light  elficie'icy 
of  this  arc  is  yi  per  cent. 

Proles-or  Langley  gives  for  o.mp.iri.M.n  the  corresponding  curves  for 
a  gas  flame  and  for  .sunlight.  In  each  case  the  total  area  of  the  curves  is 
made  the  same  in  order  to  facilitate  comparisons.     The  curve,  Fig.  2jo   tor 


I  !*;.  i^u.  — Knert;y   Curve 


the  gas  flame  shows  that  the  light  elliciencv  ol  tin,  source  of  artificial 
illumination  is  only  f;  per  cent.,  the  area  between  the  doited  lines  being 
one  sixty-seventh  part  <,l  the  whole.  The  light  efficiencv  ol  the  electric 
glow  lamp  probably  lies  between  that  ol  the  arc  lamp  and  the  gas  flime 
but  usually  nearer  to  the  latter  thiii  the  lormer.  In  the  solar  spectrum' 
(Fig.  2:1)  the  light  ellnieucy  is  15  per  cent.,  which  is  considerably  higher  than 
either  ot  the  two  preceding. 

The  most  curious  result  of  Langlev's  researches  is  given  in  Fig.  j^j  which 
represents  the  spectrum  ot  the  lire  tly  similarly  treated.  In  this  case  the 
whole  of  the  radiations  .ire  •.omprised  within  the  limits  ot  the  visible 
specir-jiii.  and  the  light  eliiciency  is  100  ;)cr  cent.     Unly  part  ol  the  ligure 
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can  be  Riven,  for  in  order  f.   rcpro.ont  it  ..„   the  v.me  ^c.ile  .is   the  other 
hgures  the  highest  ordinate  would  have  to  be  S.roo.  or  over   zo  times  the 
i  I 


Kiftly  .^(..ectniin. 

Iiighest  ordinate  in  Fi>;.  Ji  ,  Ti,,  renilt  is  verv  interestin;;,  for  if  we  could 
produce  the  light  ol  the  iMetIv  un  a  lar-e  scale,  tiie  whole  of  the  eMer^y 
radi.ited  would  he  available  f :,r  iliuininatinn.  Professor  r,ani;lev  con>iaers 
that  such  production  i,  not  impossible,  a,  vital  processes  do  not  seem  to 
be  essential  to  it. 

\n. — I'llNshS    OK    THK    KIK.  TKK'    KMr. 

Although  the  electric  arc  w.i.  di,.,  v.  lo!  bv  Daw  in  1S02,  the  cniple-x 
physical  problems  presented  by  it  hue  onlv  received  the  .ittention  thev 
deserve  within  the  last  few  year..  We  are  still  tar  trum  liaMnn  reached 
finality  in  the  investigation  of  thc^e  pmbleiiis,  and  manv  rcMilt.  ,?t  present 
tent.atively  acceptc<i  will  doubtle.s  have  t..  iv  revised.  Inuh.r.  lull  .ws  ue 
sh.ill  endeavour  to  imlicate  the  chict  [nobUiiis  and  some  of  the  method> 
employed  in  att.ackin.i;  tliem.  tr,t;ether  with  the  m..-!  important  of  the 
results  obtained.     We  be^'n  with  the  oKkr  e.xperitnenterv 

It  we  suddenly  stop  tli.-  curu-ii;,  we  tmd  the  p..Mtive  ekxti'.J.:  white- 
hot,  whilst  the  negative  1,  haivllv  red  li..t.  It  we  produce  an  arc  between 
merci.rv  and  a  wire,  and  when  the  wire  n  the  [...miuc  p,.lc,  we  tind  that  the 
wire  will  be  white-lmt  a  >;,..!  ,l>!ui,c  up:  1-.  ,.n  the  other  hand,  the 
mercurv  be  the  positive  pule,  tlie  wiie  remains  d.irk,  and  the  meieurv 
becomes  heated  and  ev.ip..:ate~  Th,  ^e  experiment,  and  ..;her>  sh..-,v,  then, 
that    dilTcrent     (ju.i-ftie-     ..;     licit     "e    geiici.ited    ,it    tlu     two    p.,le>;   the 


i1 
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positive   electr,,,!,-    bcin«    .a    .i    ,,,.isklciably    lu-hur    U-.ni.ct.ilurc    th.iii    the 
nf«.itivc  elccl.odc.      R,.M.tti  f.-uiul  the  tcm|)ci,.;urc  bcUvcfii  the  tw..  L..rb.,ii 
[.onus  lr.,in  J.-oo    f  .;,w,.o    C.  ;  the  i>..m-,vc  .  !cvtro,Ic  w.i.  ..t  ..h,,ul  ^,400    to 
3,900  ,  aiui   thf  nc'K.auc  In.in  .m,;,S     t..  ;.-.;c'    C.     The  sl.aeinent.  that   ■  .ne 
ol   the   a.ivamaKe^  <,t   the  ele^-nc   li.^Iit   Iie^   ,n    keeping   the  >|.a.e   vvheie    it 
i>  einployetl  tompa.ativtly   c.h,1,    is  in    11.,   wav    cmra.iieted    bv   the  .ib.Ae 
temperatures;    lor    the   heat-^iviiig   surla.e  <A   tlic    ekvtnc   hsln.  c-.npa-..! 
with    ,,lher  sources    of   h^ht.    is    so    Miiall    that    the    total    ani.unu    of   heat 
Kenerated  by  an  electra  li-ht  would  be  tar  K -s  than  that  troni  other  souues 
Siemens  found  that   an  eleetric  light  of  4.000  .aiidle-power   produces   14^-; 
Jnat  units  per  minute.     To  ..htaiii  the  ^anie  amount  ot  light  bv  means  of 
g.\^  we  should    require   ;oo   Argand    buriKt-,    wliich    produce    i--,ooo   heat 
units.      Ihe  electric  arc,  therefore,  prtducc-  ahf.ut    i   per  cent,  of  the   heat 
which  would   be  produced  by  good  ga>  lights  giving   tile  same  quanlitv  of 
hght. 

For  the  comparison  of  the  intensities  of  the  electric  li-ht  and  sun  I.tjht 
rav>  of  cMch  source  ot  light  ucie  lirst  colk.t.d  bv  means  of  convex  lenses' 
and  then  allowed  to  act  upon  a  D.iguerreotN  pe  plate.  The  times  were  coni- 
p.ired  which  the  light  of  each  v.urce  reqimed  to  produce  the  same  effect 
Ihf  intensities  <,1  the  light.s  were  then  tak>  n  inverselv  proportional  to  the 
time^.  rhi.s  IS  only,  however,  ..  comp.irison  of  the  ellective  so-cdled 
chemical  or  more  retr.uigible  r.iys,  the  electric  light  being  rel.itivdv  ri.her 
:n  these  than  sun  light;  the  proportions  given  are,  theictore,  not  ...rrcct 
.\n  examination  by  the  methods  ol  ^pc.trum  analvM>  of  the  light  of 
the  .irc  Itself,  as  distinct   from   that   of  the  flowing  positive  crater    leads  to 

'^'    '■"^•'•'■•>ting   results.     It   is  well   known   that    if  ditleivnt  .s„b-t,nices   in 

the  torni  ot  vapour  be  made  to  ylow,  and  then  the  light  which  the  v  ip,,urs 
send  out  be  examined,  e.ich  substance  has  it-  Juuacteristu  -i.ectrum  When 
the  electric  arc  is  ex.unnied  m  this  m.mner,  the  charade,  i.^tic  spectrum  for 
the  chemic.il   sub-t.mce  of  which   the  electrodes  are  made  is  obt.iined 

Striking-  the  Arc.— The  melh.^d  of  .starting  or,  as  It  is  called  "strikin.-" 
the  arc  should  be  noted.  Alter  the  electn.des  have  touched  each  <,thcr  nd 
are  then  separated,  there  passes  a  .-park  whose  method  ot  pioduction 'iniv 
be  explained  as  follows  :  %  removing  the  surfaces  that  are  in  eontact  away 
Irom  each  other  we  lessen  Jie  cross-section  of  the  circuit  more  and  more 
until  the  cro->-.sect,on  becmies  so  sm.,11  ih.it  the  particlo  .still  touchnJ 
c...  h  ,,ther  begin  to  glow  with  the  heat  produced  bv  incrca-ed  resistance  md 
are  then  earned  .uv.iv.  When  iiou  .he  two  electrodes  are  separated  a  \eiv 
.itt.e  distance  1:,.,,  e,.ch  otl„r.  the  glowing  panicles  form  a  bridge  between 
the  electrodes,  and  the  current  can  j.as,  through  this  stream  a,  a  conducor 
a  though  a  .ad  one.  T!,e  tean.i,  ofT  ol  the  paiticles,  oikc  coninieiKed  i,v' 
the  spark,  ...innmes,  aivi  wiii  i.  the  ,n.,re  easilv  mahitained  the  n,.,re 
easily  the  eleUrode  particles  cm  be  torn  ..If;  m  other  words,  the  more 
readily  the  material  ot  the  electrode  volat.li.e.s  the  tarther  m.iv  the  electrodes 
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i""iMr.  -.lu   ai-t.iiKf  is  iiiin.isiil  1k\..iu1 


:i-ir  i.ip.ihli-  ..t  tiviiijj  from  the  .me 
ti'il  ;  the  ail.-  liiis  mit.  ,iiid 
i"ni[>  t>'>;ithci.  I.o  Rmix 
I't   iiiiirc  tliaii  oiKtWLiity- 

:n.iincil    bv  cttlv  uliv^i  ^crs 


a  certain   hmit   the  partiJe^   .,re   ii 
dectr.,.le  to  the  other.  a>ul  the  current     >  Mite,' 
can   onlv  be  iJKhte.l  a^ani  by  brinKnii;   ;he  !w. 
fouMd  that  the  current  n.,«ht  be  inter,  uptc  ,1  for 
lifth   ol  a   >cuMnl   without    -be   liyht   .i\  nic     a;- 

Resistance    of    the    Arc.-The   ■neaMWe/'   .u.ne..    nv   eanv  ,„w,ver. 

renrnt-J^'n ''.'"'/'    !'''   '"'^   "'"^■''   ^^"^    '""^'''    ""^   tin-  cau.eo,   the   .hs- 
up    Ky  w.ll   be    c.und  ,n  the  nature  ..ul   iHhav,..n,    o,   „,,  are  itself,  wh.ch 

tt         IrT'   l'"      ?'"'   '"■       '-!—"=-   -•=   -  •''-:   the  re.>.tance  .■  .. 

show     r     .    ^"      '''^"''  ''^'''^  "•  "^■■'^'"  ^''^  -"-"^       ■''•-  •'«-''  can  be 

urrent  that  produces  the  are.     Th.  „p, ,,  ,,  „   ,,  ,,,,  ,„,,„  ',;,,,,,„,,,, 

eu'l  "\^^'"^^''"'-^-  -^^'   -  -^-  -•   the  .i.cl   cau-e,    that  such  dilcem 

re>ults  have  been  obta-ned. 

^       Karly  experimenter,  endeavour.,!    to   nu.,-  .re   the   reM>tanee  of  the  arc 
n    the  s.,me  wavthat  one  would  n,e..M:re  ti,e  re^,>tan.e  of  a  metall.c  w,re, 

produced  hetween  the  eari^.n.      .M„k,:,,  ,..,  „.   ,  „,„;.,  ,,.,,  ;„  ^^^  ^^      ,  ^ 

the  re-i-tanee  u-ould  be  -u.m   i...    tin    .>iMt;v.n  '  u=  uiuaj  lorm, 

K'e-!Mancc=   ''"■'■■'"'''  'li!l<  !>:■<•  [V.  II  )  ..f  larbons 
tiirreir.  ;lir,.u>;h  arc. 
A  proper  allowance  bein^  ,n.,.le  ror  tlu    reM-t,,i,>e  .  ••  :he  carbon  ,od>  then,- 
selves,    the    rcinuinm>;  re^,^tance  sh..uid   i>e    :ha!    ..t    the   arc   al,.ne       It   this 
remam.nR  resistance  is  of  ,he  .,,„,  „atu,e  a.  ,.r>ln,.nv  re>,stance,  ,t  sh„uld 
follow  the  laws  alreadv  K.ven  (  vv  paye  >-,    .,nd  ,no,e  partKularlv  .-houi.l  be 
proporttona!    to    the    /,v,./,;    .,,     -j,,    ,,,.      ,,,,,„.,     ..„,,    „„,^,,,^    ,,„^^^^^.^ 
hive  shown   that   when   ^xpennunt^   are   thus   ,„,„ie   with   .uc-,  of   <|,irere.lt 
engths  the   res.Man.e    ,-   not    p,oport,on,.l.   but    that   the   ulalion    between 
the    reostance    (u)    and    the    ien^ih    ,/     .,,(    :!;,.    ,,„    ,,   .-xprc-ed    bv    -he 
equation  '  ■ 

where  a  and  f,  are  co:,-,ant>  when  -!ie  cu-.n;  „nd  .ihcr  >  o„d,t,„„,  of 
the  experiment  „re  kept  unchr.nj;ecl.  In  ,;!„,  ,,,.,,1.,  the  so-called 
resistance  depends  upon  two  term-,  o,,,.  ,,,  uliuh  ,.•■ /)  is  p.oportumal  to 
the  lenKth  of  the  path,  and  the  ..tlur    ,m  .-  .cnstant 

To   exami..e    the    nature  ...    ;he  tc-uh-  n..,e  closdv.    let   c.u  h  tenu    of 
equation    (,)    he   muUiphed    bv    tlu-    cuuct      .  ,    used    ,n    the    .xpcncMt 
thus  :  '  • 

The  term  (k  c)  on  the  left  l,.,nd  sde  will  :„u  be  the  pou-mial,i.,lcunce 
V)  ..ngtnally  mea_surcd.  ulnl.st  of  ,!„  two  terms  ,„,  ,l,e  r.Kht  hand  s,.,e 
the  second    .hould  .ndicate    the    Vo!,.,,,.    „e.c-s,rv  to    overcome    the    fue 


:\      it! 


drive    the 
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resistance  of  the  ;uc,  .i.ul  it  uc  [.u-  /.  /  =  ;,,  tl„s  term  iimv  be  written  r  c. 
The  tirst  term.  ,;  c,  is  coii,taiit  it  c  lie  ton,tant,  and' its  presence  in 
the  equation  indicates  tlie  cxi^ieiice  ot  an  actual  electrical  pressure  or 
K.  M.  K.  in  the  arc.  aKain,t  which  ttie  applied  p.  n.  has  to  drive 
current.     Calling  thi^  k  (=  ,/  c),  our  equation  tinaily  becomes 

V  =  F  4-  re.  (^) 

In  deducing  this  equation  it  nui.t  be  remembered  that  Edlund's  experi- 
ments were  made  with  a  coii.i.mt  current,  and  that  he  found  that  the 
quantities  a  and  A  in  equation  di  were  aflfected  by  the  value  of  the  current 
used.  It,  however,  the  arc  couMsts  electrically  of  a  back  k.  m.  f.  in  series 
with  „  true  resistance,  equation  i,;.i  should  represent  the  facts,  though  it  is 
conceivable  that  the  rcM^tan.c  mav  vary  with  every  change  in  the  condi- 

ti.ms,  even   as  the  resistance,  within  much 
narrower  limits,  of  a  metallic  wire  varies. 

Some  experiments  published  by  Frith  and 
Rulners  in  i8q6  were  interpreted  by  the 
authors  as  proving  a  negative  resistance  in 
the  arc.  This  interpretation,  however,  has 
been  very  strongly  objected  to  both  on 
geiier.il  grounds  and  also  as  incorrectly 
representing  tlieir  re-ult>. 

E.  M.  F.  in  the  Arc.— Ediund  proved 

diiei.tl\-  the  i)rc>cnce  o!  an  opjiosing  elec- 
tromotive force.  The  current  that  produced 
the  arc  was  sui'denly  interrupted  (it  has 
been  stated  that  the  arc  does  not  die  out 
immediately  alter  the  current  ceases),  and 
at  that  moment  a  galv.mometer  was  connected  with  the  twt)  carb<ins.  The 
deflection  ot  the  needle  wa.  regarded  as  indi.ating  the  opposing  i:.  .m,  k* 
As  it  is  of  some  iinport.mce  to  locate  the  seat  ot  this  i-.  m.  f.,  subsequent 
experimenters,  notably  l.cclier,  S.  P.  Thompson,  and  .Mrs.  Ayrton,  have 
examined  the  phenometia  more  ininuieiy  by  u,-ing  a  third,  oi'  exploring, 
electrode  for  finding  the  di-tribution  of  the  pre=-uie  in  \.irious  parts  of  tlu' 
arc.  -iid  more  e.speciallv  the  i'.  I),  bef.veen  the  +>■  carbon  and  the  arc  and 
the  p.  u.  between  the  arc  and  the  —  •  carbon. 

Dr.  Meming,  as  early  a.-<  i  S  lo,  m  Ins  experiments  on  the  "  Edistm  Ktlect  " 
in  glow  lamps  (page  J.?^),  extended  his  observati..ns  to  the  electric  arc,  using 
the  apparatus  shown  in  Fig.  ;:,v  in  whi^h  the  third  or  exploring  electrode  is 
seen  on  the  right  of  the  .trc  c..nneaed  ihn.ugli  a  gaUaiiometer  g  to  the 
upper  or  -|->-  carbon.  As  lii~  exploring  electrode  wa>  rather  thicix,  he  found 
It  convenient  to  detiect  the  :'rc  by  bringing  a  magnet 
shoun.      The    result     o!     tlie    experiment     wa-    that 

•   l,l..i,,le',  ho«evet,  repciti:--  •!:;,  exi.uin'on:  uitl;  ,;,.,rc  el.il.,r.ile  a|.p.ir..tus  in  iSt    was 
un.il.lf  l>.  hni.  any  trace  of  an  K   »..  i.  „■;  !  ,r.  J^,th  of  a  sec,.n,l  after  the  cessation  uf  the  c-.!rR-nt. 


,.  — Dr.  FleminRi  Kxpcrimrnt  wilh 
ihe  Klevtric  Ari:, 


N  s    near    it    as 
uiicn     the    :ca)!uf 
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'•     »'.     'iv  L  HI  ,i[cl\  ,      lloui'vir       If      i" 

exploring    dcvtrodc    vcrv    doJ    t       h  ,  "^co.tv      ■„     In,,.,,    the 


joined  citlicr  to  tl.c  -|-'.  „r  the 
— "•  carhnii  as  in  Dr.  Klcmip.^'s 
experiment. 

Mrs.  Axrtms  l-:xPerimnit^.~ 
Thc  vari,,u-  and  complicated 
pn.hlcms  connected  uitii  the 
pln>ic.,  o!  the  electric  arc  anj 
the  practiuil  w.,rkini,'  i,|  arc 
''""P-  "■'-•'^'  '""H  a,Hdu.Hi~lv 
studied  I.,r  ..veral  vear,  hv 
Mr>.  Awtun  .,t  ,he  Cetitr.,!  Tech- 
n.cal  College    n,    l.,,nd,.n.      One   .,.    t!,e   ..l.,e.:,  ,.    he, 

especallv  son,e  which  have  a "      i,    i    i    ^^     ^T^  "'     T''  -vrl.oked. 
the  arc  ...  pmpo.es  of  .llun.ni,  :„;;;:;;':;,",  •'"'    ^■'r '"  " 

;;;;;;-.;.. er. 


Ie=caii.llja    u. 
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•  =  .■'^■■^S  +  -0-4  /  4-  "  ""+  '0-4/ 


(4/ 


m    whKh   V  is  the    potential  di.erence  between   the  carbon,    „,ea.„re.'    in 

:;:':;:.:Mr,nZ::rr^"--^^''''  •"■"--•  -'^- "-  '^'.«''.- ---.:; 

il  n.,i  inii ,l„l„y    „f  .(  ,.,,,.,   ,„.  '■""•"   ""■■'lly-     On  ac^ur,-   „|   the  ,|i!l.,ulty. 

'.^  l!.r,n,^l,    the  t,,.  >..  -1,0   „r;:.uv.     an       T       ^  ,   '""J"'"'  '"^^''  "'  ='"■   >' ■'".  .ml 

.»..,   I.cau.e  .,f  „e  l„.l,.,w  ^i^J ^l2^l^ ,  -■....  U-n^.h  .f   „„  .,.   ;,  ,,,„„ 

.H.,.u,„  the  po,n.  „r  ,he ......  „, I":!;.' tl;,^.:^:;;;:,;:-^'"^'' '"  •  ' 


iliawi; 


^ 


ll 


tKH 
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CmpaniiK  this  i-qi,aii„n  with  ciiuatinti  (3)  we  h-c  that  tht-  term  f  of  the 
fornicT  equation  is  reprfsetUed  hv  the  tern.  vS  SS  (volts)  in  the  latter  and 
this  may  therefore  be  taken  as  the  true  back  H.  m.  f.  of  the  arc  tor  the 
particular  kin.l  ot  carbons  used  in  the  c.x,.erinient.  The  absence  from  (4) 
of  any  term  corresponding  to  the  term  r  c  of  (3)  would  seem  to  show  that 
there  is  no  true  resistance  in  the  arc.  Such  a  resistance,  however,  has  been 
direct  l>  leisured  by  Von  I.a.iR  and  subsequent  experimenters,  usino 
Wheatstone  bnd«e  methods,  in  which  proper  account  is  taken  of  the  back 
K.  M.  K.  Considerations  ol  space  will  not  allow  us  to  describe  in  detail  these 
and  otlu-  interesting  experiments,  including  those  of  Frith  and  Rodscrs 
already  referred  to.  1  he  remaining  terms  of  equation  (4,  show  that  there  is 
(1.)  a  back  K.  M.  K.  ..t  J  074  /  varying  uith  the  lei.Ktli  of  che  arc,  and  (ii.) 
that  a  lu-her  amount  ot  power  (ii-h6  +  1054  /  mea.-ured  in  watt^  is 
required  to  tnaintain  the  .irc.  the  j  •  ■  r  ouMstiuR  of  a  constant  term 
a.ul  a  tern.  varvin«  ,,i,i,  the  n.>'  x  •  /.  The  phvsic.d  meaiiin«  of 
the-e  term-  still  aw.iits  explanation. 

Returning  now  to  the  problem  ol  the  seat  of  the  b.ick  v  m  k  the 
most  promismR  n-ethod  of  experiment  is  the  use  of  a  third  or  expl.'.ri.ijr 
electrode  already  .Ihided  to.  This  method  l,..s  been  employed  bv  Dr 
Thomp.,:,  and  others  .Vrs.  Ayrton,  u.ing  fine  carbon  pencils,  obtain^.! 
results  by  graduallv  moving  the  explorit.g  electrode  nearer  and  nearer 
to  either  the  positive  or  the  negative  c.irbon,  and  taking  the  rea.ling 
of  the  galvanometer  imn.ediately  before  actual  contact.  The  result  J 
published  m  iS.jS,  are  as  follows  :_  ' 

At  llie  [.ositive  carbon  v  =  31-28  4.-  "^  -^''j  ,  v 


At  the  negative  carbon  v  =  7-6  4-  ^^ 
If  these  two  equati:.ns  are  added  together  we  get 

v  =  38'8S+i£l+-2J.' 


(6) 


(7) 


an  equatton  showing  remarkable  coincidences  with  equation  (4),  .specially 
".the  actual  value  of  the  first  term.  It  m.-.v  be  i-ointed  ou  th  U  he 
ond.  .o.,s  of  the  working  of  the  arc  are  disturbed  bv  the  presence  of 
the  th.rd  electrode.  a.,d  this  m.av  account  <or  the  outstanding  drscrepancies 
between  4)  and  (7,.  The  interesting  points  in  connection  with  ecua  1! 
G  a..d^6)are  (1.)  th..t  of  the  total  b.uk  k.  m.  k.  of  3.  volts  abo.  t  3 
fiftlr^  ,s  located  at  the  passage  of  the  current  from  the  positive  carbon 
to  he  arc  a,,d  abo..t  one-hlth  at  the  pass.ige  from  the  arc  o  the  negative 
carbon,    and    (n.)  that    the    k.  m.  p.  at    the    negative    carbon    ,s    Till 

whatever  us  phvMcal   e.xplanation   n,ay  be,  the  predominant   cause  is  not 


ill 
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throw  back  cncTRv  ..Uo  the  circuit  a.ul  k.sc  .isc  t,.  a  f..rwa,.l  h.  m  k. 
borne  fxpcnmcn-crs  assert  they  have  detectc.l  mkH  a  t..rwanl  k  m  k 
l^^r^^X:^'  '-"'""  '•  '"  "^^-  ''''"'"'  "— .ncnts.  however.  >i,„. 
Hy  an  elaborate  dise„s,i„„  .,f  the  re^uhs  of  prevlou.s  expernnenters, 
.nthjtrr:-  '"  """'""'"  "'•"  ^""•'"""  ^^>  '"•'>'  ^"^  «— l.>ej 

where  the  co-efllcients  ,.,  f>,  c  and  ,/  are  constant  for  the  same  ki.ui 
and  ,uahty  of  carbons,  hut  vary  sl,«h,ly  ...  the  carbon,  ,„.  J,,,.,,].  ,"  , 
true  tor  solul  carbons  onlv.  with  cored  carbons  the  .lata  are  n.ore  .  onn.lex 

....^  ound  the  value  to  vary  Iro.n  27  volts  for  platu.utn  to  to  v,.l,. 
for  cadnnum,  the  ,nter>„ed.a,e  tnetals  experinuntell  up.,,,  .r.anued  ,n 
order  ben>«  n.ckel.  iron,  ,opp.,,  /,nc,  and    'i|,,r  ^ 

On  tlie  ..  umption  tlu^   the  tcnperatnre  o,   ,1„.  ,„■   ;,  ,,„,.,..,„    ,,„, 

|-  "f  •!-  t-i'.n,  or  vola„l,sa„o„  ,„„,.,  ,„  tl..-  n,.„„v..  t.nnu.a!.  a,„l 
t.ut     tl;e  ,■:„.,,,    „„,|  „,,  ,„  „,.,  ..„.^  ^,j,,^,,   „,„,^  „^_^,    _^^_,^^^,^^|   I  __    ^1^^    ^l^^_ 

;■""■:;  '^   raUMtcl    frotn    ,he   mu  t. ,    ,:„.   ,„■   .,,„,,„.   St.  nnn.  t/  aten.-. 

.':.  the  p.,w.r  ra.hat.d  p.r  unit  suria,  ,■  of  that  .ti.a.n  mav  !..■  .,..nmr,\ 
■'  •»'  -".^tant,  nn  th..  tintl.,,  asMin.pt.on.  tli,.  na.on.  to,  whi.  h  will 
■'•  ''^^■'•'*  "I""'  '•■'<>■.  >l'^'t  ,!,..  .,..li,.n  oi  th-  a.v  .tnain  w  i.ioportiotul  to 

"=;■  *■"'"'"•  I-  '!''l'i.-  .i  v..lta,,-  ...p:ati..n  tor  ,h,  at.-.     Th-i.  ,t  \    I,..  ,1... 

voltap-  .onM.ni.d  w.  ih,    an    .man.  a-  .h^tiiut  fn.ni  th.'  volta^,-  .In^o  at 

tl-  t.y.imak  ,/  th..  .iiainet..,-,  an.i  /  the  L.t^th  ..t  th.-  stt.am.  au.l  .    th.- 

cutnnt,  we  have  ; 

V  '         railiati.pi;  x   ,/  /  (j) 

llierefore  y,   ^   /^; 

or,  .nice  .om.>  rn.TKy  i-  t.ik,  u  1,0,,,  tl..-  stream  hv  th,-  ej.vtrodes 


wb.iv       is  a   Miiall  constant   .piaulity. 
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-'(/  ■  n 
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.t>  nii^ht  be  exiititi.i,  witii  the  plu -u  .il  liiiuhtKiii  o\  tile  i.iibi.ii-  tluni 
-el\e-,  whither  i..nil  ,:r  -..|i.l.  liinl  m  M.|t,  e. .lulitii.ii-,  whiih  .lU..  .itUet 
th.  -i/e.  i..l..iir,  .in.l  Idiiii  ■  .t  the  M-ihle  p.iil  dl  the  an.  In  .Khlitimi,  the 
puei-e  -h.ijn  uhiih  I'e  ^  iib..ii  p..int-  ,i--iinie  .liter  .i  peiiu.i  .>!  -te.iiiv 
biirnui;,'  in  the  .pen  .iir  .Up.  ii.l-  ..ii  the  ieii^tli  ..t  the  .irv  .iii.l  th.  in.i^m 
tuiie  III  the  iiiiu!!!.  Thete  i-  .iKv.i\-  .i  ii.itei  ,it  the  iiul  '•<  tin  p.-ilive 
earbdii,  .nul  tlii-  ii.^.iIim'  i.nbun  i~  :tlu.i\-  nii.ie  .i  !e--  p..inli.|  ( vcr 
I'lli-  21^),  bu!  the  e.x.itt  >luipe  ami  -i/e  .>t  the  .i.itei  .I'l.l  the  -hip,  .«! 
;iie  piiiiu  v.ir\  with  e.ieii  vaii.iti..ii  ..!  i.)iulit,i.ii>.  IIk -e  iiinnite  ih.uiues 
We  li.i\e  not  -pace  to  ileMiiOe,  but  it  ni.iv  be  -aiil  miieiMlU'  tli.it  llus  .itl.M.I 
ediulu^ive  eviilence  that  tlieie  is  \  i.itiji-atiuii  ,.|  e.;rhiiM  ui  the  riitii,  iiul 
tliat  e.irboii  i- earrie,!  over  ami  ilep..>ite(l  nil  tlv;  iin;.itive  eLiti.i.le.  I'lie 
negative  c.iibi.ll  .il-..  beei'iiu-  iiiute  ])i.inte.l  the  Lir^er  theiuiieiit  .iihl  the 
.^ll(lrter  the  .ue.  Wliv  tiie  i.irboiis  do  tint  burn  aw.i\  i.-.i.u  r.ipiilK  in  an 
atini>>p!\ere  lont.iiiimg  i.wj^eii  is  partly  expl.mie.l  bv  the  e\^e.-■■^el\  liiith 
••Mip.ratiirc  att.iiiieil,  uhieh  is  pn.Kiblv  above  tile  tenipei.itiiu  .r  ulmli 
i.irbi  II  ami  owueii  eaii  eoiiibiiie  to  t..ini  carbon  iiioiioxiik .  i  >n  the  looler 
parts  111  the  laiboii-  some  .ictii.il  Iniriiinn  .Kiiir-,  but  tlie  i.ite  ol  luiniilij; 
is  slow,  ami  the  eailion-  rapidly  cool  to  bLiikiic—  when  the  lUiieiit  is 
interrupt  ed. 

The  Flame  Arc-  Tli''  tippearan.  e  ot  the  .m  -hown  ill  li!4.  jii  K 
lliat  of  an  aic  ]ia--ni;;  Ixtween  the  ends  ol  .aiboii  lod-  iI.khI  i  o-axiaily 
in  ;i  \irtie.ii  line  with  the  ii..vitivi'  (.uloii  at  tlie  lop.  and  tlimfoie  witli 
tlie  cnritnt  I'assiHg  vertictdly  dowiiwaid-.  Imoiii  what  li.i-  been  ..ml, 
il  will  be  !4ailirieii  that  tilt  -leater  part  ot  the  illuinin.it ion  i-  ilue  to  tlio 
intenxK  limlit  -iirlarr  ot  the  jiositivi'  eiatef,  wliieli  i^  i  ui.-liapnl  .iiui 
tliat  tliereloti .  a-  the  <  up  of  the  ci.iter  i^  diiei  ted  dnwiiwaid-.  it  i^  m  t!ie 
direction  tliat  the  gie.iti-t  intensity  of  liluininatmn  -liouid  be  loimd.     lint 
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Inclin.  .i  r.irlxm^  for 
ii.iiiit'  Arc^. 


it  i>  exactly  in  this  tliitrtion  tiiat  the  m.i>>  nl  the  iu'f,Mlivi-  (arhcn  Wckks 
the  tian-iiiiissinn  of  tlit;  light  Irnm  tlu-  t  rati  r,  with  thr  roult  that  a  large 

quantity  nl   tlu    emitted  light   is  inten  «]>te(l  and   the  hue  nl    inaxiinnin 

illumination  is  inclined  to  the  vertical  hue  at  an  angh-  which  varie-  with 

the  length  (if  llie  arc,  imt  is  usually  .diout 
50  degrees.  Mori'over,  tlie  liglit  tmm  the 
crat.'rhas  t.i  pas>  through  tlie  parti-coloured 
mi«.t  or  arc.  whiih  al)>orlK  some  ol  the 
light,  and  thus  reduce-,  the  total  illmniiia- 
tiou.  Owing  to  tlu^  al>-orption  it  i>  not 
i'con(iini(.il  to  Icugtlieii  the  .irr  i>e\dnd  a 
certam  limit,  which  Mrs.  .\\rtoii  has  luimd 
to  he  between  J  and  4111111.  tor  tile  \erti(  al 
tyjie  of  an  . 

If,  li(jwe\er,  the  (ailions  are  not  co- 
axial, the  .-hading  effect  of  the  ii<'g.iti\e 
<arl)on  will  he  diminished  and  may  he 
altogether  eliminated  it  onlv   tlu    <  rater   be 

toinietl  not  nil  the  jiart  of  the  positive  carbon  rod  nearest  to  the  negative 

(.11  boll,    but    on  >ome    le>s   -hiilded 

]>ar(.      .\ltcr  much  exi)eri:iienting,  a 

type    ot    lamp,  which  will   be  more 

tuil\-    dealt    with    in    the    technical 

.section.  ha>    iieeii  evolved,  in  which 

the    carbon-     are    inclined    to    one 

anotlier     in     a     \irtical     jilaue,    as 

shown  diagiammatically  in  Fig.  225, 

the   arc    being    lormed    between   the 

low<r  tip-  ot    the  carbons  .    and  d, 

where  they  apjiroach  one  another. 
In  order  tliat  the  arc  may  take 

the  longer  I'atli  shown  by  the  dotted 

lines    between   <i   and   /',    in-tead  of 

forming  between  the  nearest  pcjints 

c  and   d  ot   thi^    carbon    rods,    two 

conititions     must    be     f"''illed.      In 

the  first  jilace,  the  voltage  must  \te 

sutficientK'    high    to    maintain    the 

lonirer    arc,     being    somethint;    like      .         ,    „     ^   ,      ._    ,, 

^  y  ^  rig.  226.— Pure  Carbon  Aic.    (Length.  1.15  nun.) 

double   that    required   for  the  short 

Vertical   arc  ;    and,   secondly,  the  arc  must   be   forced   to  take  the  longer 

path.      This  latter    condition  can  be  attained   by   jilacmg  the  arc   in  a 


Tm:  CnhMKAi,  /■'/.am/-:  .Ire. 
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horizontal  maunctic  lulil,  in  vliiih  it  will  luli.ivc  .i--  a  nixihi'-  lomlu.tor 
and  lif  toru'd  in  a  ilmrtion  at  right  angles  to  tlie  current  and  tlie  tuld, 
in  ari'iirtlani  c  with  the  laws  iit  lUi  - 
tro  inaijiutic  admu,  whidi  will  be 
exjilamed  later. 

The  ditleient  el'lect^  ]n(Hiirable 
are  well  >li(iwu  in  Imi;s.  Jjf),  JJ7.  and 
22S,  wliiih  are  taken  li"in  a  jKiper 
cm  "  l-oni;  Flame  Are  l.aniii>,"  read 
by  Mr.  I.ennarl  .Andrews  Ixlore  the 
ln>titutH'n  oi  Ivieetrieal  lui.uiiieers 
in  Ai'ril.  Imh''.  In  Im!,'.  Jjbwe  have 
the  iniliiud  earb<in>  at  a  r.  1>.  ol  56 
\(.lt--,  at  whieh  the  are  i^  lornied 
in  the  narnAV  .■-i)a(e  bitween  the 
carbun-.  .iml  the  1  rater  i~  turned 
towanK  the  negative  eariion  a>  in 
the  (irdinary  eo-a\ial  arianmnient. 
In  Fit.'.    2-7  tlie   1'.  i>.  has   been   in- 

erea-ed      to      jS    Vnlts     and     the      an  K.g  2:7.-P"re  Cwbon  Arc.    (I.cnRih,  ;on,ra.) 

driven  tn  take  a  ltini:er  jiath,  in  tlir- 

case    10   mm.,  >"    tiiat    tin    pn-itive  (later    i>   no    Imimr    turmd    direttlv 
towards   the    negative  carbon,    but  is  so    Mtiiat.-d   lli.tt    th<     :.;r.,itt  1    iMit 

1)1  lt>  light  <an  lie  llei  1\  ladl.lted 
without  <ib-nu(  tmu.  \'>\  i.ii--hi,l; 
t!ie  1'.  I).  >till  iimhii.  to  1,4  volt-, 
the  ,ire  1-  Inrnii'd  iliK'ctly  bitwicu 
|j  the  tipN  ot  the  tww  (  aibon-,  a- 
shown  m  I'ig.  jjN.  mi  whuh  the 
leiigtii  ot  thr  aiv  1-  15.5  mm. 
Ilhwtr.ition-  ot  the  ill. ,  t-  .it  111 
t'linediate  xdltage-  will  Im-  luiind 
in  tile  ]iapei. 

The   Chemical   Flame   Arc.  - 

The  ares,  whether  \'eltie.d  <il  ll.iiui', 
hitherto  de-eriiinl  a-  luinieil  be- 
tween juire  hard  (aibon-,  h.i\i'  a 
white  light  aii]>roNimating  in  ([luditv 
to  da\light,  bill  s(iiu(\\li..t  niDie 
bluish  or  violet,  because  ot  the  light  emitte<l  trom  the  gaseous  1 11- 
velope.  A  complete  chan;'e  takes  place  in  the  charai  ter  of  the  light  if 
foreign  bodies  which  can  be  raixd   to   nuandescence  are  introduced   into 


Fig  ;28.— Pure  Cwbon  Arc.    (Lengtl-,  i- ..  m- 
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this  ga,sooiis  tnvi-l()]ii;  by  impregnating  the  carbons  or  their  cores  with 
mttalhc  salts,  such  as  the  salts  of  calcium  and  maqnesium,  which  are  most 
f-\MAina  \—^  Usually  employed.  The  temperature  ol  the  arc- 
being  very  high,  these  salts  become  di-^ociated 
when  thus  intrixluced  into  it,  and  the  disso- 
ciated calcium,  magnesium,  strontium,  it  other 
met.il,  as  the  case  may  In-,  glo\v>  incmdescent, 
emitting  its  characteristic  light,  which  students 
of  tlu!  spectrum  know  is  dilferent  tor  each 
metal,  and  which  has  long  been  u^ed  in  pyro- 
technics jtroducing  colom-ed  hres.  Ihus  it  is 
possible  to  imjjart  to  the  gaseous  envelope  a 
reddish  tinge  or  a  wami,  mellow  K'jonr.  and 
therefore  to  alter  ci'mpletely  the  cluiiacter  ol 
the  light.  .Moreo\tr,  the  effect  pnniuced  is, 
to  a  great  extent,  under  control,  and  can  bi: 
adajited  to  the  i).irticular  purpose  Icr  which 
the  illunnnation  is  required.  The  one  thing, 
b.owever,  which  cannot  be  done  with  such  lights 
is  to  use  them  for  matching  colouis. 

It  i--  curious  to  note  that  when  the  metallic 
salts  referred  to  are  jiresent  in  the  carbons, 
the  area  of  ■•'.e  crater  is  usually  < onsiderably 
less  than  with  a  pure  carbon  arc  burning 
with  the  same  current.  In  fact,  the  propor- 
tion of  light  emitted  by  the  carbons  and  by 
the  Hame  is  entirely  changed,  and  the  latter 
becomes  much  more  important,  although  its 
intrinsic  brilliancy  is  very  much  less  than  that 
ol  the  crater.  Its  area,  however,  being  very 
large,  the  total  light  emitted  is  often  greater 
than  that  from  the  pure  carbon  arc.  even  when 
the  latter  is  of  the  flame  type.  Another  pecu- 
liirity  is  that  the  voltage  necessan,-  to  main- 
tain the  long  arc  is  considerably  less  when 
chemicals  are  employed,  being  only  about  40 
to  50  volts.  This  is  partly  due  to  the  lower 
re-istancc  of  the  arc  proper,  but  there  are 
other  causes  for  the  low  voltage. 
Enclosed  Arcs. — The  rate  at  which  the  carbons  consume  is  very  much 
diminished  by  enclosing  them  in  a  space  into  which  the  air  leaks  but  slowly. 
This  slow  rate  of  consumption  of  the  carbon  is  one  of  the  principal  objects 


II 

gC 

9C 

11 

Ma,^neCs—i 

1 

1 

CLubch 1 

-'^fe*' 

. 

Cswbon 
Rod.  

..J 

f 

^;;.- 

.... 

Gas  Check 

PH- 

IneLoa'in^ 

( 

\ 

Lower 
Ca,rbon. 

W 

Lower 
CartonHobder 

Hook  for       ^^r 
TsiLPieGe. % 

Fig.  339.— The 
Arc 

Marl<5 
Lamp. 

Enclo 

scd 

y:.vc:.osf:r>  ^kcs. 


-^6S 


r"!it 


of  thf  "  flic'o-cd "  arcs,  intr.nlnccil  iluriiii;  the  la>t  ilcc.ulc  cf  tlic  niilc- 
tetiuli  tciUury.  TliL-  K<-'iii^r,il  arraiiKCiiuiU  of  the  parts  <.t  such  a  lamp, 
as  usc'il  nil  an  So  to  a  loo  volts  tircuit,  is  clearly  shown  in  I-'i^.  22i). 
The  cmrcnt  is  !nl  in  from  the  positive  main  tlir<iui;h  a  switch  at  the  toj) 
ot  the  lamp,  whence  it  [Vissts  through  a  steail\  inj;  resistance  coil  to  the 
electro-maRiiets,  which  control  the  strildnu  ami  teetlinj;  mei^hanisin  ;  it 
tiien  passes  throujjh  the  carbon-hoUler  to  the  upper  carbon.  The  latter 
passes  loose-tisiht  throu<;h  the  special  \)\w^  in  the  upper  ot  ihe  enclosing 
bulb  within  which  the  arc  is  lorme<l,  ami 
which  contains  the  1(  wer  carbon  ami  its 
holder  ;  from  the  latter  the  current  returns 
by  tlie  frame  of  the  lamp  to  the  nejjativc 
main  terminal. 

'I'he  enclosure  with  the  .special  phiH  used 
in  the  Marks  lamp,  which  is  the  lamp  illus- 
trated in  Fijr  2:»,  is  shown  on  a  larger  scale 
in  Fijr.  330.  One  of  the  diHicultics  at  tirst 
met  with  in  working;  enclosed  arcs  was  the 
blackening  of  the  inside  of  the  enclosing 
glass  owmg  to  the  deposition  of  c.irbon  upon 
it.  This  deposition  was  supposed  to  be 
due  to  some  of  the  carbon  vaporised  at  the 
positive  electrode  getting  awav  from  the  arc 
ami  not  tinding  o.xygen  to  combine  with 
before  it  cooled  down  beU)w  the  temperature 
at  which  the  combination  takes  place.  On 
the  other  haml,  a  large  excess  of  o.xygen 
leads  to  a  comparatively  rapid  consump- 
tion of  the  carbons.  The  gas-checU  plug 
(Fig.  J,?oi  was  devised  to  regulate  the  amount 
ot  (i.xNgen  ;  the  tnet.d  tube  through  which 
the  [lositive  caibon  passes  contains  a  little 
llollow  chamber  about  ^  inch  long,  access  to 
which  from  the  enclosure  is  obtained  tlimugh 
slots  in  tlie  side,  ami  from  the  outer  .lir 
through  a  small  opening  which  will  be 
seen   on    the    left-hand    side   of   the    carbf)n 

rod.  The  proper  rate  of  flow  of  the  gases  into  and  out  of  the  bulb  depends 
on  the  care  with  which  the  details  of  this  "dead-aif"  chamber,  as  it  has 
been  called,  are  worked  out. 

As  a  rule,  the  length  of  the  an  used  in  these  enclosed  lamps  is  con- 
siderably longer  than  is  usu.il  with  the  onhnarv  open  arcs.  The  difTtr- 
ei'ce  in  the  way  in  which  the  carbons  6>rm  at  the  electrodes  of  the  arc 
in   the   two  cases  is  strikingly   sb.own  in  Figs,  m   and  2}1.     In  I-'ig,   231 
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the  pair  of  carbons  oil  tlii;  Ictt  have  the  wull-kiiown  .shape  of  the  carbons 
in  tlie  ordinary  open  arc.  'I'he  nefjative  i^  pointed,  ani'  he  po-itive  bej;in> 
to  taper  at  some  ihstance  hack  Ironi  tiie  crater.  'l"iie  carbon^  <\\  the 
riylit  are  those  of  an  enclosed  arc  biirnin!;  with  the  s.mie  volt.i^e  (  5  volts) 
and  current  (e  anijjeres)  as  in  tile  otlar  case.  'I'he  ditferLiice  i>  very 
mark;- 1.  The  positive  is  i|iiite  blunt,  and  shows  little  or  no  sijjii  ot 
taperiiifj  as  the  crater  is  appro.iclied,  whilst  the  negative,  so  l.ir  troiii  beini; 
pointed,  has  a  curious  niuslircioiii-iike  lorniatioii  i  its  end.  'I'he  o|>en 
arc  was  v.s  '"'"■  '"".U-  <"  double  the  lenj;tii  ot  the  inclosed  .irc,  which  was 
only  17  nun.  lonp 

With   a   hif^her   volt.iL,'.-  (X;   voltsi   .iiid   the  same  current  the  dilTereiice 
is  still  more  marked.     The  positive   carbon  ot   the  open  arc,  as  seen  on 


Oftn  An.  Enclose. '  A  re, 

Kic.  III.— Arc--  nt  6  Ai    err--  nnd  45  Volts. 


Fig.  C3:.— Ar,:';  at  C  A-iipere^  .inj  S5  \'ol;< 


the  lelt  of  Fii;-  ^.5-.  i>  thinned  down  for  a  iiiiich  greater  distance  from  the 
crater,  and  the  negative  carbon  i-  blunter  at  the  tip  .iiul  aNo  thinned 
In  the  enclosed  arc,  shown  on  the  right,  both  positi\e  .iinl  negitive  carbons 
have  their  tiill  tliameter  up  to  the  arc  and  end  almost  square.  In  this  case 
the  open  arc  li  iil  a  kiigtii  of  15  nini.,  and  "  il. lined  "  continuously,  whilst  the 
enclosed  .ire  w  .is  onlv  9  nun.  long,  and  burned  i|uite  steadily. 

The  rate  of  colisumiHion  of  carbons  iril  mm.  in  dianutrr  in  an 
enclosed  lamp  with  a  5-ampere  current  is  aboui  2  mm.  per  hour  for  both 
carbons  together,  more  than  four-tifths  of  this  amount  being  at  the  positixe 
carbon.  Thus,  with  not  very  long  carbons,  such  a  lamp  would  burn  lor  150 
hours  without  re-c.rboning,  and  therefore  would  be  economical  both  as 
regards  cost  of  carbons  and  of  attendance.  Owing  to  the  length  of  the  arc 
there  is  a!-"  an  absence  of  sb.idows  from  the  carbon  jioints  .nid  a  more 
equable  dis     bution  of  light  than  in  the  open  arcs. 


J/issi.w,  Akc. 


Hissing  Arcs.— When  lilher  the  i.irbon  .  ,.  i-  ^hort  l.ir  the  iiiimiitiule 
of  tllc  eiinelit  emiili.yiii,  or,  uli.il  i>  the  -.r:ic  tliill«,  wluii,  with  .1  icii-l.itil 
loiijitli  n!  are,  the  eiirrein  i^  iiieie.i-e.l  hey'inl  a  lertaiii  iii.innitinle,  a  n  inai  k 
able  eliaiiye  take-  plaec,  ami  the  physical  eoinhtii>li>  iiiuler  whieh  llie  an 
e.\i>t-  apjiear  tn  be  eoinpletely  ahereJ.  'I'lie  are>  to  uhleh  \\e  have  l>een 
reterriIl^  liitherto  burn  i|iiite  i|iiietlv  it  jirojierlv  e.'nlrollevl  ;  thev  ina\ 
be  calleil  "  mUiU  "  ate-.  When,  houever,  tile  ilialine  ai'i'\e  iiu  ill  iciie.l 
lake>  ]>laee,  ami  iluiiiijj  the  wlmle  time  nt  K'litimianee  ol  the  iiMuliliMn- 
wliieh    have  eau-eil   it,   the  are  "  iii>ses "   in   .1   \er\    ili-aLjree.ible   maimer. 

The  elleet  ot  the  "hi— ini;"  eoiiilition  mi  the  eUurie.i!  mea-ureiiieiil- 
is  shown  ffraphieally  in  h'ij^.  J.j,?,  l.ikeii  trom  a  ji.iper  b\-  .Mrs.  A\rton  re.i.l 
before  the  In-titiitii'ii  of  Eleetrie.il  luijrjneers  in  I'^ut.  'I'lie  \.iiii>n>  line-  nii 
the  ili.isiiam  show  the  eoniieetiMii  lietweeii  the  ]ioleiitiaI  ililVeiiiiee  (i-.  ii.) 
ol  the  i.,irbon>  .mil  the  eurrent  tnr  \,iriou^  lennths  ol  .ire  nie.i-ureil  .i>  jue- 
\i(iu>iv  e.xiii.iilied  (V((-  note,  p.  ::;7i.  The  l'.  D.  in  volt-  i-  set  out  \ertie.ill\  , 
ami  the  eurrent  in  amp.  res  i-  -et  nut  liori/ont.illy.  The  length  d  the  ne 
in  niilliiiietres  i-  tnarkeil  (ii  eaJi  line.  The  eoiieave  enrves  on  tin-  lett  <>! 
the  buumliiiL;  line  a  w  c  lejireseiit  tile  ineasureiuent>  I  ir  "silent  "  .ire-,  .mil 
about  theiii  we  iieeil  o  'y  draw  attention  to  the  laet  th.it  with  caeli  /;/,  /,  ,/s,- 
ot  current  there  is  a  I'.wnhif:  t<\  the  r.  |i.  lietwieii  the  carbon-,  as  nui-t  be 
the  case  it  equation  (^),  paj;e  2-.'t,  is  true.  When,  however,  with  .uu  curve 
— tor  in-tance,  the  curve  Inr  the  z  nun.  arc  — the  lurreiit  is  increa.-eil  ti>  a 
value  beyoiul  th.it  iiiilicatnl  bv  the  ]).iim  ii,  in  which  the  iui\e  cut- the 
bouniliiii;  line  A  11  (  ,  the  w  \<.  suiliieiilv  l',iils  iilr.ut  10  •■■,!l\  u<  the  p..iiit 
1),  and  t.ir  turther  increa-e-  the  volt. me  iriiidiin  iii-,ii/y  iinl.mt.  The 
"  iiis-iiiL;  "  entuluion  with  an  arc  1  mm.  lonjj  j;ives  the  str.iij;hl  line  n  1  o. 
in  which,  altliouuh  the  cuvieiu  Lli.m;;e>  trom  1  ■>  to  .:;  amperes,  there  1-  Inn 
little  eh.mjie  in  the  I'.  11. — wli.it  little  change  there  i-  is  in  the  iliieition  d  ,1 
rise  as  the  mrr-'tit  increases.  The  dotted  line-  to  the  rij.;ht  nl  A  Ii  1:  leler  t" 
an  nn:-table  period  in  which  no  I'lea-memeiits  are  iio--ible  ;  they  are  nierelv 
inserted  .1-  oimectinj.;  links.  Tile  ili.igrani  ^iven  is  fnr  solid  c.iibi.n  elei - 
trodes,  but  the  s.mie  iiheiioinena  are  shown  when  cored  carbon-  are  u-ed. 
altlioui;li  tile  actual  re.ulins*  are  dilTereiit.  An  increase  in  the  si/e  ol  the 
carbons,  however,  requires  ,i  l.irj;er  current  ti>  be  u-ed  beice  tlie  "  lii--iiii;  " 
stale  supervenes  lor  any  j;iven  leiirr'h  ot  are.  It  is  lurthe  wortin-  ot  note 
that  altiioui^h  solid  and  coicd  carbons  jrive  very  differeiu  curve>  tor  the 
■ -ileiit  "  state,  their  behaviour  in  the  "hissini;"  state  is  identical.  In  the 
latter  stale  equation  (S)  for  the  "silent"  arc  no  loii^'er  liolds  ;  its  pl.ue  i,s 
taken  by  the  sinir'er  equation  : 

\  =,i  +  hi 

where   a   and   b   are   constants,  which   for   thi    curves   in   V\g.  zx^  li.ive  the 
values 

f/  =  39^5.  /'  =  275. 
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rJL^iilc*  tlio  lii>>inK  aiiil  tin-  <.ii.ini;i-  in  the  v  ih;iKt  l.iw.ctlur  l.ii.;^  .irc 
ob^crxcl  wliicl)  llirow  aililitimi.il  liylit  ujxni  the  )iliLniimiii.i.  In  ,in  i.piii 
"silent'  irc  tlic  outer  .slicatli  <it  lite  liimiiinii-,  vapour  i^  ,ilu.i\^  i  luinlit 
j;recii,  wliil-l  tile  crater  i>  iiiteii-elv  white.  In  the  "  hi>-ini;  "  are  '.he  lii;ht 
is'iuinj;  troin  the  crater  i^  aKii  a  hri;;hl  yreeii  nr  a  urtenish  blue,  anil 
the    all    .spreads    out    ami   i~   tiatteiieil   between    the   carbon    >uitan  1  he 

sha|)e  lit  the  carbons  aNo  chaiiyo,  anil,  a-  Mrs  Avrtoii  points  out.  the-'C 
chailjjes  jjive  the  clue  to  the  tmul.Miieiit.il  plu -ieal  ililti.reiiee  b^lvseiii  the 
two  tornis  of  the  arc.  I'lie  ch.uiye-  o!  the  |)o>ilive  carbon  aie  the  nio^t 
important.  Tiuse  are  well  .-howii  in  I'ii;.  2\^.  also  taken  troiii  Mi^. 
Ayrton's  pajier,  and  which  rejire^ent^  the  arc  lor  lour  liilleieiit  curreiitN, 
the  last  beiiiK  suiliciently  larye  to  produce  the  "  his>ing "  state.  In 
these  di.i^rain^,  the  thick  line  it  i:  is  the  diameter  ot  the  month  ot  the 
crater,  and    it   will    be   noticed    that    tliis  diameter   increa-es   with   increase 
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of  current.  In  dia;;raiiis  {,i)  ami  (In,  for  o  .iiul  \l  amperes  respecti\el\ ,  the 
diameter  of  the  crater  is  much  le~>  than  that  of  the  carbon  roil  ;  in  (.  ), 
wliere  tlie  current  is  .:o  amperes  ami  the  arc  i~  "on  the  point  ol  lii>-iiij;," 
the  crater  and  the  rod  in  its  neighbourhood  are  .ibout  equ.il  in  iliaiiutei. 
In  (//).  with  a  current  of  30  ampere-,  the  cr.itt  r  li.i-  broken  ihiouuli 
ami.  .i~  it  ''.ere,  overllowed  on  to  the  >-iile  of  the  c.iibon.  When  tlii- 
liappeii^  liiat  i-,  when  the  cr.iler  i>  too  l.iri;e  to  occup\-  the  end  oiilv 
of  the  lositive  carbon,  and  therefore  e.xteiuN  up  it-  >iile — hi— iiii;  is 
alwavs  ]  rotluced.  This  leads  on  to  the  further  siiii[)le  explanation  that 
the  sudd  11  clianj.;e>  noted  above  are  due  to  the  air  ])eiieti.itiiiL;  to  the 
surface  of  the  enter.  WhiNl  the  cr.Uer  was  at  the  end  only  o|  tin-  r.iiiion 
rod  this  surf.ice  was  protected  bv  a  cu^hion  of  v.ipoir-,  but  wIkii  the 
crater  cnmes  out  at  the  side  tl.e  air  ha-  ea-v  aeces.-  to  ;  Ic.i-t  .1  p.iil  of 
its  surface,  and  burnini;  t.die-  the  place  of  volatilisation. 
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1'li.ininjT  Mij;j;c~liil  that  the  .irc  is  .111  iii>l,iiKc  <•!  tltctrolv-is  •;  cuiii- 
plix  L.irhiiii  iiiuIccuIl's  in  thu  >',i''Coii>  coliitnn,  :in«l  that  xW  vcl'i-ity  i>f 
the  mjjativr  ions  is  pri.Mtcr  than  tliat  of  tlic  punitive  imis.  This  wiiiiM 
laiisc  a  L'ushidii  of  iicj^ativc  larhmi  inns  tn  bt;  tiimicil  in  th^-  i  rater,  and 
the  pic-scnLu  111  tliis  cusliiiin  wmlil  act-ount  for  tlic  urcat  lall  ;  puiititial 
in  passint;  Irniu  tlic  carbon  to  the  >;as.  W'licn  tht.'  owmn  of  ihi.  air  naclK's 
this  iiisliion    it  combines   with   the   carbon   vapour,  and   tlicrc  is  a   -mldcn 

lowering  ol  rcsistatui-,  to  iic  to|. 
lowed  aliTKpst  inn  ieiliatelv  by  .t 
Iresli  aceunuil.iiion  ct  ion,  .md  a 
tresli  coinbin.ition,  and  s(.on  Tlie 
lact  th.it  the  liissiim  m\  1-  iiilir- 
initlnit  MM.\  not  inntiniious  supports 
tliis  \iew. 

The   Mercury   Arc.      In    tin- 

tont;oini,'  "  .u"<  s  "  ilir  h^'lil  (niitteil 
iroin  tlic  nii'.inclesicnt  'liitroiKs 
pla\s  a  viTv  iin|iortant  pait.  thoiii^h 
Its  import, iiui'  is  lis,  in  tiir  iLiine 
t\|H>  ot  .III-  til. Ill  111  the  vertical  or 
o]icn  aiT.  In  tlic  il.iine  tv'iies,  niore- 
ovti'.  it  is  lt's>  import. lilt  wluii 
inttallic  salts,  f,'i\in:;  oti  mct.dhc 
xapoius.  arc  nscd  lli.in  with  jnire 
i.irhoii  clcctrixlcs. 
In  a  hnthcr  dcvclo|.mcnt,  that  of  tli'  '  incriurv  arc."  the  clcctroilcs 
do  not  ((intril)titc  to  the  ctlective  light,  .liidi  is  alt<«f;cthir  derived  liom 
the  fjlowiiif,'  f,'ascs  ot  the  "  el<'(  trie  discharge,"  To  attain  this  risult  the 
(hscharge  is  caused  to  take  place  un<ler  rediKtd  prissure.  So  far,  we  liavo 
been  dealine  with  the  discharge  in  spac(  -  siuroinuk'd  by  and  exposed  to 
gases  at  ordinary  atmospheric  jiressure.  When  this  pressure  is  reiUiced 
the  ])hen()inena  cliange,  and  as  the  "  mcrcnrA-  arc  "  may  be  rci,'aick'(l  as 
the  first  step  in  a  eom])licateil  series  of  i  lianges,  it  will  be  moie  ronvenient 
to  post [)c me  the  consideration  of  the  jtrinciplcs  involved  until  we  deal 
with   the   whole   subject   in   Chai'ler   Will, 

This  sketcli,  though  a  mere  outline  of  some  of  the  recent  work  on 
the  physics  of  the  arc,  am!  in  which  m,niv  workers  liavc  been  pas-ed  over 
without  notice,  has  occupied  us  so  long  that  one  or  two  other  ]ioints  must 
be  taken  verv  brietlv. 

Other  Effects. — .\s  to  thermo-electric  elTects  in  the  arc,  it  is  probable, 
since  the  lemper,iture  dilTercnces  are  great,  that  thev  may  atTect  sunie  of 
the  minor  phenonieiia,  but  the  known  numeric.il  in^igniticancc  of  such 
cllects    III    other    itiiectioiis    le.als    us    to  suppose  th.it  they  caiiiioi  play  a 
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Very  im|i()rl.mt  |i.iit  in  lla  ril.itivilv  l.ir^i  ciKiyv  tli.mn'-^  t.iliiiiL;  plue 
in  tlic  ,iri. 

h  i^  \vi>itii\'  III  11' ■ti-  that  till  .III  hih.ivv^  like  a  tlcxibiv  i  "lului.  tor 
c.iri\  in;;  ,1  iiirrtiit,  .uul  t.iii  tliciildic  he  iMIiiliil  In  .1  iiUKnit  .11  .niMtil- 
.HKi:  with  l.nv>  to  be  piiMntlv  c\|il.iini  il.  \\\'  h.i\i-  uivcn  ,in  in-t.iiKc  i>\ 
tliis  ill  I)r.  I'lcmini,'-.  L'X|ii.ii:iKnl  (I'ii;.  22').  I'iir  iflcil  \va<  iiotiinl  hv 
I)avv,  uhii  propo^cil  tn  u~c  it  a>  an  "  lUctiie  l>iii\vpipi.  "  111  the  iiiaiiiicr 
ilcpitlL'il  in  F*"ij;.  J  V'-  'l  ''■''^  •'  practical  ap|)hiaticiii  in  the  iimljih.  tic  I'inu  ■ 
(lilts  ii-i'il  en  traiima\  ..I'liti.rlki^  .i>  will  a>  m  tile  llaiiu-  ari>  iitiiuil 
to  alvive. 

Tlie  pheiiiiineiia  (it  alternate  iiiinnl  aii>  nui-l  he  p> -tpiMUil  until  -nine 
ot  ttic  -imiiler  pheiionieiia  i>t  alternate  i  urritit-  ha\e  been  e\plainiil. 


VIII.      1:1  11  rKlc    I  I  1(N.\(  IS. 

Ai.'itlicr  ap|iliratiiin  i>l  the  tliennil  etln  t  i.l  the  (1.  itiie  eniiciit  li;is 
rispii  ti)  a  pnsitidii  it  ,i;veat  iiiiportailce  (luring  the  la--l  leu  \tai-;.  It 
(lejieiuls  iijii'ii  the  ])ni.ln(tii>ii  nt  the  lieat  111  a  (imtiiieil  sjiaee  where  tlii- 
comlitiDlls  tnr  its  est  ape  1)\-  eniiiluetioii  ami  railiatimi  ale  made  as  nii- 
favoura'.le  as  jmssilile.  'Hie  ci'iiseipienee  is  tlial  the  tiiii|>eratiire  1  i^es 
to  a  hitjh  v.ihie,  so  i,nii  !i  mi  that  tlie  most  relraitniv  metals  and  ore--  can 
be  melted  eitlier  in  small  cr  moderately  lar^'e  <pi,mtities.  Wiien  we 
(  oiisider  that  atioiilin;;  to  the  siini)le  laws  already  exjilaincd  the  amount 
ot  he.it  pioilneed  jut  minute  is  vei  \-  coinjiletelv  under  coiitiol.  and  that 
this  he.it  is  proditied  exadly  where  it  is  wanted-  that  is.  ili,'lit  in  the 
middle  of  the  mass  to  lie  aeted  upon,  if  neecss.iry,  and  not  outside  it  - 
It  is  not  sur,>risin^;  that  these  methods  o  ibtainini;  hi(,'ii  temperatures  are 
Ic.i  in^;  to  iniixirtant  industrial  results.  I  ho  rediution  ot  the  priee  of 
aluinimum  from  _'os.  jter  lb.,  wireli  was  the  average  jMiee  between  iSfij 
and  i.'^SS,  to  less  than  is.  (kI.  per  lb  ,  the  present  priee,  may  tie  mentioned 
as  one  of  these,  and  other  instances  lould  easily  be  adduied.  I'ostpon- 
ing  the  explanation  of  technological  details,  whit  h  jiroperlv  luloiigs  to 
the  ne.\t  section,  the  l.iw  alread\'  given  for  the  proiluction  of  he.it  b\'  the 
cuirent  is 

H  =  o ■J4  (•'  K  / 

where  II  is  the  heat  in  CK/eriVs.  c  the  turrent  in  (//«/'<ris,  k  the  resist. nice 
in  ohms,  and  t  the  time  in  sccniicls.  To  ])roduce  a  great  tpiantity  ot  heat 
in  a  particul.ir  ]>art  i>f  the  circuit  wc  must  therefore  insert  at  th.it  point 
a  resistance  k  v.ith  .m  abnorm.iUy  lugh  v.ilue.  On  a  sm.iller  si.ile  the 
same  principle  1  made  use  of  in  the  construction  of  glow  lamps,  as  .ilready 
explained,  but  in  actu.d  electric  furnaces  we  use  not  only  the  prmcij)le 
'■.  the  glow  lamp  but  also  th.it  of  the  electric  arc,  wliich.  as  we  h.ive  seen, 
hberates  a  great  (pi.uitity  ol  heit  energy  m  a  small  sp.ue  and  at  a  very 


27a 


F.r.lXTRICITY   IN    THI     ShKyKF.    OF    .I/l.V 


I 


-jy 


hif;h  temper, itiiif.  In  .uMition,  in  niativ  uses  i<\  <Ii'(  trie  fiirnarrs  the 
tnsc'l  (ipiitcnls  art'  sui  li  .i-*  t"  !»■  iu  Inl  (in  iluniuallv  l'\  111''  p.iss.i^'i-  ci| 
lip  nim:it.  .iml  \\ms  \vc  have  iii  lull  jil.iv  ;i  llml  m>'lli'i,l  ..t  .ili-inrl>iiii,' 
tlic  iKiiiu.il  iiiii>;\  iii^idr  till'  in.i>*s  liv  mcaiw  I't  llii-  h.ii  k  i;.  M.  F.  Awv 
ft)  tlf.  frolv^l'.  the  laws  i.l  wliicli  wire  cxpl.iiiu'il  .it   p.inc  zoo. 

kitiirnini;  lor  a  iiuiiiicnt  to  the  ci|ii.iti(in  ju>t  yiviii,  it  is  utiviniis  that 
a^  iIk-  iiiiTint   I. Ill    be   tdiitrnlKil  in    \vi  II  UiKuvii  nutlni  U  iii  olln  i  |)ait>  iif 

the  cirdiil,  tluj  liUaiititv  nf  hi-at 
(Moduct'ii  per  si't'iiiiil  III  the  liii- 
iiar»',  and  %\hirh  dipiiuls  mi  the 
square  o(  fhr  (  um-iit,  can  lii-io^'u- 
latfd  with  K'^'it  nicety  to  aiiv 
value  which  ixpci  ii'iici-  may  hive 
shown  to  lie  dc'^naMe.  The  IIMM- 
imiiii  teiii)>cTatiire  attaiiial'le  is, 
'...iwever,  liniilid  liy  the  fat  t  that 
no  material  i>  availaMe  with 
whith  to  constnii  t  the  liimace 
whith  will  not  it^rll  sootier  or 
later  \ield  to  the  iiithience  of 
these  Inuh  tempt'ratiiri->. 

Siemens'  Early  Furnace   - 

The  ii'on  niodeni  and  special 
!•  iiatt  ,  uill  he  described  later, 
anil  We  '•hall  thrrelore,  to  illus- 
trate the  alio\'e  principles,  tlescrilie 
here  ouh'  the  earliest  snccesstiil 
electiii-  Inrnai-e  invented  hy  Sir 
William  Sieiiieiis.  .iiid  also  a  verv 
( oiu'eiiieiit  torm  of  tiirnace  tor 
l.ihoratory  wmk  -ul'seipieiitl\- 
tonstriicteil. 
iV.xfi. -s:,m™s' ri,ctncSn„!„ngA,Taraiu.  Siemens"     carlv     furnace       in 

whith  the  till  trie  arc  was  chietly  utilisetl.  is  ilhistrateil  m  l''i>^.  2  ;(>,  in 
which  T  is  a  crucible  coiisi^-ting  of  graphite  or  other  .^imiLir  substance  not 
easily  fti>ible.  This  is  siirrountled  b\-  a  kiiul  of  jacket  (11)  containins,'  pieces 
of  (hantial.  or  a  similar  subsl.ince  that  condut  ts  heat  badly  and  is  not 
easilv  fn^ed.  1  here  is  a  hole  m  the  bottom  of  t,  throuj.;h  whith  an  iron, 
platinniu,  or  carbon  rotl  passes,  Theie  is  also  a  hole  in  the  lid  of  the 
tiiicibi'  .  lhroii^;h  which  tlie  negative  electrode  passes.  Tlic  negative  pole 
of  prt--~etl  carbon  is  >ii~pentletl,  by  means  of  a  copper  striji  at  A,  from  the 
l>e;in:  .\  B  ;    !•■  th-:^  eir.!  ■;  -s  lastentil  a  h--l]ow  c\'lnider  of   soft  iron,  which 
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moves    fn-cly   iiisi.l,.    Ill,-   -.,,,,|..,|,|  ,.        Ill,'   .     'r.Ktlt    ,    Im| I     >;   m,i\ 

lKilance<l  by  humus  <>t  a  ufi^ht  ,/  ,n\  the  la.:  i.  <  .■  ,ii.|  .,|  tlir  s..|,-ii..i.l 
IS  connc.  ttd  with  \\v  i...siiivf.  the  utlin  ciid  ui  „  di,.  n.i;.iiivr.  \»Ay  ..t  ilir 
;in-.  Thf  ri">ist;ini  .  i>l  the  arc  m.iv.  tii.i,-!ure.  \>x-  ,i(||iistr,|  ,is  irciiiiii'.!  hv 
slidini,'  till'  w.Mirht  ,/ ;il"iit,'  "k-  Ixmiii.  It  tlit>  rr<;~t.in.  .•  m  the  ,n.  w  m- 
rreased  \<\  any  laiisc,  the  .  uiii'iit  jiassinj;,'  iIiiimikIi  'h.-  mil  aUo  m<r.-,i-.-~. 
and  the  tone  ut  attractinn  hvit,  nines  fhf  .cninl.  i\\ti>:lit,  ..lu-nii;  the 
nci;ati\c  .livtrcdf  to  dip  dfiper  into  liir  «  rucililc.  Il  tlie  i.sistan.  .■  in  llif 
.III-  diminisli.s.  III,-  ^v.■l^;ilt  l,,i,.s  the  <\hnd.i  Lack  out  ol  the  spiial. 
letigtheiniif,'  tlie  arc  iwitil  e.niiiihriuiii  is  rot. .red.  Hoido  the  aiildnati. 
regulation  of  the  arc,  it  is  ol  iin|)..rtance  i..r  ^ii,  <  ess  that  th.'  inetal  to  !.e 
hised  should  l<.rni  the  positive  pol,.,  where  the  hiuhe-t  teni|)eratiue  i> 
obtained.  Sir  William  Siemens  nielte.l  one  ]M>und  ot  tiling's  \v  an  aiij.aralus 
similar  to  the  one  hero  described  in  thirteen  nunutcs ;  the  cm, .  '.■  ha.l  a 
de)<!h  of  8  inches,  and  tlie  jx.wer  used  was  about  .•4  kiL.watt^. 

When  a  c.iri)on  rod  is  use.l  a>  liie  i.^fjativi-  pole,  the  metal  !■  !>>  fn,.  1 
may  sometimes  undergo  a  chemical  di.  ni;e  :  t..  av..id  this  th.'  iic!  .-tive 
electrod'  must  .onsist  of  a  suiistaiice  tlial  .  auses  no  .  i.nu.  Sn  ir  :.s 
used  a  so-called  water-poh'  (drawn  in  th-'  lii,'uie  >.  p.ii.Uel  ,.,-.,  a  tube  .'f 
(upi)er  through  which  wa  r  is  a'.,  .ed  to  diculat..  As  reg:u-ds  the  .a- 
peiise,  Siemens  found  that  by  using  a  dynamo-electn.  machine,  driven  bv 
a  steam-engine,  one  pound  of  coal  couJd  melt  ne.irly  one  p..und  of  ,  .ist 
steel.  The  advantages  of  this  process,  some  of  which  have  been  alie.i.lv 
referred  to,  are— (l)  Theoretically  the  heat  obtainable  is  unlimiti.l  :  (j)  the 
lusing  takes  place  in  a  neutral  atmosi)here  ;  {3)  the  process  nee.ls  iiol.  ngthv 
prej)arations,  and  can  be  conducted  under  the  eyes  of  the  operator  :  (4)  bv 
using  ordinary  materials  difficult  to  fuse,  the  temper.iture  practicalK- 
oiitainable  is  very  high,  as  in  the  el.'ctric  crucible  the  hising  material  Ii.i-  .1 
higher  temperature  than  the  crucible  itself;  whilst  in  the  ordinary  m.th...l 
the  temp.  •  ature  of  the  crucible  surpasses  that  of  tho  molting  mat.ri 

Ducreiet's  Furnace.-  These  great  advantiges  make  the  electric 
furnace  a  valuable  additi..n  t.i  the  resources  of  the  chemist,  either  for 
research  work  or  for  many  of  the  ordinary  operations  of  the  labor.itorv. 
A  form  Mf  such  a  furnace,  as  modified  by  Messrs.  Ducretet  and  I.ejeune 
of  Paris,  is  shown  in  Fig.  2.57.  Ordinary  electric  light  carbons  (('  slide 
through  the  clami)ing  cylinders  !■  i>',  and  are  brought  together  at  right 
angles  to  one  another  just  over  the  crucible  C  k.  The  crucible,  according 
to  the  operatKm  that  has  to  be  performed,  consists  of  carbon,  i)lumb,igo. 
lime,  magnesia,  etc.  It  is  in  a  dosed  refractory  chamber  k,  with  an  aper- 
ture Bo  at  the  to])  through  which  the  materials  to  be  smelted  can  be  Intr..- 
duced.  When  larue  currents  .ne  n-.e,!,  tlv  carNjn-h^.lders  vv'  iiave  ,j  'c 
kept  cool  by  currents  of  water  circulating  through  them.  The  front  siao 
18 
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of  tho  furnace  chambtr  Is  clusid  hv  the  rt-movahlc  screen  K,  wliich  for  many 
])uriw>ses  can  he  ni.ule  (if  dec])  ruli\-recl  ,t;lass  tlinm^'li  \vhi(  li  the  ii|)era- 
tions  in  tlic  (rucihli  can  be  watched.  Imt  when  tlie  liif,'hest  temperatures 
are  develupnl  it  lias  to  lie  made  (if  a  mori'  refractorx'  material.  sU(  h  as 
mica.  There  are  a])erttues  not  slmwn  in  the  lii,'ure,  hv  which,  if  re(]uired, 
fjases  can  be  intrcidnccd  into  the  tmiiace.  The  mairnet  .\  controls  the 
j)la\-  of  the  electric  arc  on  the  materials  in  the  crucii'le.  ronvertini;  the  arc, 
if  neeil  ill',  into  a  lon^,'  tlaliie.  which  acts  as  a  veritahle  electric  hlow-])i[>e 
us  e.xplamcd  on  page  270.     The  maximum  temperature  altainatile  is  ainnit 


t'ii^    T~^-^.  -r)iicrrtrt's  Fl'Ctric  T  .^bnr.lto^v  riirn:iro. 

-5500'  r..  the  temperatuie.  ,ic(  iM'dini,'  to  A[.  X'lolle.  at  w  hicll  caibon  vola- 
tiliHe~.  Willi  a  (tiirent  of  about  u  .imp.  re^  at  55  \-ol!^  i1'.e  mo^t  reirac- 
tor\  ore-;  cm  be  leilueed  in  a  tew  miiiules.  and  puic  nielais  olit, lined  in 
snificient  (|ii.iiitilie>  lor  chemical  aii,d\s]-..  In  this  waw  .at  ib.e  i:(  oje  \ormaIe 
Snpeiienre.  specimens  of  nielallii    lulheninm  and  osmium  were  oiitaiiu'd. 

The  use  of  eleclru  lui  iiaces  lor  nruiy  met.dhirgical  put  pox-;  has  been 
iiukIi  iIc\i.lo|ied  ihirliij  tlie  la  I  few  \e.ir>,  .;iul  otlur  <.lci.tric.il  principles 
li.ivc  been  utili.-ed,  more  «.'^pc(.i.illv  in  iiKliKtioii  furnaces.  The  dc-cripti'Mi 
ol  the<e  dcvelopment>  Will,  liowever,  be  nui>l  Conveniently  po-tpi.>ned  to 
the  tc<.hnic,il  -e>.lion. 


-7'; 


CHAPTER  Vn. 
THE  MAGNETIC  EFFECT  OF   THE  CURRENT. 

I. — EI.KMKNTAKY    LAWS. 

VVf.  have  now  to  deal  witli  tlie  third  elTcct  l)y  which  we  recognise  a 
steady  and  continuous  electric  current — nainclv,  the  magnetic  etVect  in 
the  meiliutn  f)r   nicilia  surmundinr;  tlie  conductor. 

In  treatin<;  this  effect  and  tullowiiijr  it  in  it>  varii^u^  lorin^  and  '.heir 
applications  more  tlian  one  method  is  availalile.  In  the  earlier  editions 
of  this  book  Ampere'-^  experiments  on  the  nuitual  actions  di  neighbouring 
currents  were  taken  as  tiie  stilting  puinl,  and  many  "1  the  phenomena 
were  deduced  from  these  experiments.  I'.ventually,  hiiwc\er,  e^pecial!v 
when  the  details  of  dvnanios  and  niol<Ms  jiad  to  be  con-idMcii,  it  wa> 
necessary  to  introduce  ["ar.i  I.iv's  conception  of  'he  magnetic  liuld,  without 
which,  as  now  developed  b  his  successors,  tile  pn'blcm-<  iuNcivcil  cannot 
be  solved.  Thoui;!i  AmpLie's  method  is  historic. iil\'  ;  Me  older,  it  seems 
best  to  start  at  oikc  with  tlic  b'.ir.ulav  licld,  lor  tlie  ATupcii.ni  attractions 
anil  repulsions  refcricd  to  ;i!)ovc  ,ire  simple  con-equun.i  >  ot  tiie  inlcr- 
action   ot   the  fields  tlue   to  the  tuo  tuircnt-  e.vpc!  imeiitcd   uitli. 

The  simplest  ca>c  to  start  with  is  tb.il  ot  the  in.igiietic  litld  *  iK.ir  the 
centre  of  a  long  straight  current. t  In  tln^  i.i-c  the  iii.igiKtiL  litic^  ot 
force  *  are  fi)unil  to  lie  in  ]>I.incs  pcrpi  lulitul.n  to  the  cuiun;,  iiid  in  .mv 
of  these  planes  when  dr.iun  .ico'idin'.;  to  the  r'.ile^  p;i\iou-l\-  givi  ii  .ji.i'^c 
35)  they  are  cone. 'ntric  circles  (Fig.  .:;s)  wlio-c  coinmon  centre  i>  the  point 
wliere  the  ])lane  cuts  the  a.\i^  or  centre  line  o!   the  !.•  iiductor. 

P'aradav's  method  of  inve-tig.ilioii  with  iron  tiling-,  jireviou-lv  used 
for  the  magnt;ic  tields  due  t'l  perm.iiKiit  ni.iL;net-,  is  av.iil.ihle  here,  thoiii;h 
great  care  is  required  to  obt.iin  good  rc>uil^,  foi  in  the  absence  ot  iron 
the  iields  are  weak  unless  the  currents  n>ed  are  \ery  largk'.  A  vertical 
current  should  be  passed  through  a  hole  in  the  centre  ol  the  card,  a^ 
shown  in  Fig.  2_^S.  If  fine  iron  tiling-  are  now  sprinkled  on  the  eartl,  and 
the  latter  gently  tapped,  the  tilings  will  arrange  them-eives  a-  shown  in  !""ig. 
2;o,    which    is    copied  from   Faradav's  researches.      The  ajipearance  is  that 


•    Kor  a  full  exjilanalion  of  these  terms  see  i>a^'es  27  ami  34. 

+   In  what  follows,  in  or.ler  to  avoid  circumlocution,  the  word  "  cunent  "  will  frequently  b",- 
used  instead  of  "  conductor  carrying  a  currrii!." 
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of  a  whirl,   ami  the  circular  shape  of  the    lines   of  force    is  very    strongly 

suggested.     The  dotted  circles  in  Fig.  238  show  these  lines  in  perspective. 

For  the  future,  we  have  always  to  regard  the  magnetic  field,  represented 

by   such   lines,   as  surrounding  every  conductor  in  which   a  steady  current 

is  flowing.  Ii  at  any  point  two  or  more 
such  fields  co-exist  the  circles  may  be, 
as  it  were,  pushed  out  of  their  places 
and  even  lose  their  circular  shape,  for 
the  actual  niaj^netic  force  at  a  point  is 
the  mechanical  resultant  of  all  the 
magnetic  forces  at  that  point.  Similar 
deformations  of  the  lines  occur  when 
two  bar  magnets  are  brought  near 
together  (^scc  Figs.  23  and  24).  The 
lines  ma)'  also  be  distorted  and  de- 
flected, and  even  their  number  changed 
if  there  be  magnetic  material  in  the 
field,  just  as  the  fields  of  the  perma- 
nent magnets  are  distorted  and  modi- 
fied by  the  presence  of  iron  i^jiee  Figs. 
25  to  27).  But  the  lines  accompany 
the  current  as  they  accompany  the 
;r,  that  of  the  field  which 


Fig.  239. — Lines  of  Koice  Kauiid  a  Straighl 
Current. 


permanent  magnets,  and  their  existence,  or  rath 
they  represent,  must  never  be  overlooked. 

It  is  important  also  to  notice  that  the  r 
lines  are  closed  curves,  and  that  they  can  I 
exist  without  the  presence  of  any  magnetic  ■. 
bodies  or  material.  In  this  they  differ  from  | 
the  lines  due  to  permanent  magnets,  which 
alwa\s  begin  end  end,  as  regards  the  sur-  , 
rounding  medium,  on  magnets,  either  per-  | 
nuuient  or  induced. 

One  further  point   remains — namely,  the 
relation  between  the  direction  of  the  current 
and  the  direction    of  the  lines.     These  two    ' 
directions  are  indicated  by  arrows  in  Fig.  23S, 
but    some   mnemonical   rule   is    desirable    to 

enable  the  reader  to  remember  the  relation.  Many  such  rules  have  been 
devised,  but  perhaps  the  simplest  is  that  known  as  the  "  corkscrew  "  rule 
— "If  the  direction  of  travel  of  a  right-handed  corkscrew  represent  the 
direction  of  the  current  in  a  straight  conductor,  the  direction  of  rotation  of 
the  corkscrciv  will  represent  the  direction  of  the  magnetic  lines  of  force." 

Thus,  let  s   s   (F"ig.  240)    be   an  ordinary   right-handed   corkscrew   and 
«  6  be  a  fi.\cd  wire  iiiclused  by   its   spirals.     Now  if  the  direction  of  the 


Fig.  a;<j.— Magnetic  Curves  routid  a 
Straight  Current. 


Magnetic  Fif.id  of  a  Cvrrf.xt. 
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current    in    the   wire  be  from   a  \.o  h  the  magnetic  Hnes  will  encircle  the 
wire  in  the  direction  of  the  curved  arrow  r  o,  which  shows  the  direction 


^> 


-Linei  of  Force  of  a  Circul: 


Fig.  «i.    -Relative  Directions  of  Current  an.)  Lines  of  Force. 

in  which  the   corkscrew   nmst    be  turned   to   advance    from   left   to   right 
along  the  wire  <■/  /i. 

Next  consider 
what  modification 
will  take  place  if  a 
long  straight 
cu:'-cn'  with  lines 
of  fo,  of  this 
kind  in  an  infinite 
number  of  plaiu-^  at 
right  angles  to  it, 
be  bent  into  a  cir- 
cular loop,  such  as 
is  depicted  in  Fig. 
241.  The  lines  of 
force,  both  insiile 
and  outside  the 
loop,  will  cross  the 
plane  of  the  loop 
at  right  angles,  and 
all  those  which 
cro^s  the  loop  on 
the  inside  will  pass 
through  the  plane 
in  one  direction 
(dr-vnwards  in  the 
figure),  whilst  all 
on    the   outside  will   return   through   the  plane  in   the  opposite   direction. 

This  will  per.iaps  be  better  understood   by  an   in>pection  of  Fig.  242, 


Fig.  at  .—Lilies  of  F^Jtce  uf  a  Cir;i:lar 
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Fic-    43.  —  Mnqnetic  Curves  of  a  Circular  Loop, 


where  two  sets  only  of  tlic  magnetic  curves  arc  shown,  one  on  each 
side  of  the  current  l<M)p,  each  set  being  in  the  same  plane  at  right  angles 
to  the  plane  nf  the  loop.  The  lines  of  force  are  still  circles,  but  are  no 
longer   concentric.      With  the  electric   circuit   so  arranged  we  can  exptri- 

ment   on   the   mag- 

I  ~  I     netic     curves     with 

<iur  iron  tilings. 
The  result  is  shown 
in  Fig.  :43,  where 
the  three  wires 
shown  in  section 
at  (/  and  h  are 
carrviiig  the  current 
so  that  it  a?cends 
at  II  and  descends 
at  h.  The  arrow  in 
tile  centre  shows 
the  directioti  ot  the 
magnetic  curves 
there,  where  they 
form  a  fairly  uniform 
field. 
Solenoids. — I-et  us  now  superpo.-e  upon  one  apother  a  number  of 
equal  circular  current  loops  in  such  a  wav  that  they  have  a  common  axis, 
and  therefore  form  a  i  vlinder,  and  al>o  m>  that  the  curreiUs  in  each  lin>p 
rotate  roimd  the  common  cylindric  axis  in  the  same  direction,  in  actual 
experimental  work  the  loops  are  not  true  circles,  but  consecutive  turns 
of  a  close-lying  spir.il  as  represented  in  Fig.  244.  Such  an  arrangement 
is  te  med  a  solrnoiii.  It 
mav  be  considered  as  a 
system  of  parallel  currents, 
each  turn  of  which  is 
almost  a  circle,  and  is 
connected  by  a  small 
piece  with  the  next 
circle. 

'l"he    sum    of    all    the 
connecting  pieces  will   be 

equal  to  the  straight  line  A  B.  The  direction  in  which  the  current  cir- 
culates in  this  sy,stem  is  indicated  by  the  arrow-heads.  The  current  in  the 
sfr.-'ight  wire  A  H  flows  in  the  opposite  direction  to  that  of  the  supposed 
connecting  pieces  between  the  circles.  The  effects  of  these  two  currents 
will  neutralise  each  other,  and  only  the  circular  currents  need  be  taken 
into  consideration.     Down   the   inner   space  of  the   solenoid   the   lines  of 
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force   of  each    turn    will    run    in    ilic   same   (.linotinn    anil    the    fielils    will 

reinforce  one  another. 

This  case  can  also  he  experimented  upon  with 

card    being    cur    so    that    it   can    he 

introduced  a  short  distance  inl<    the 

Solenoid      alon;;      the      axial      Ime. 

Another    of    Faraday's  Iihuvls   (Fij;. 

245;   illustrates   the    resuitini;    nia;.;- 

netic    curves.      The  wires   c,iir\ini;      n      a       u 

tlie    current    arc    shown    in   section     !," 

at  (/,  (/,  a  on  one   side,  and  />,  b,  b  ■■■■■■   '.  ■ 

on    the    other.      It    the    current    he       >}.....■.;    -'-r- 

assuined     to    he    ascenilinj;    in    the      /..    .'.'i:  =  V 

wires     a     and     descendini,'     in     tiie 

wires  b  the  central   field   will   be   in       /,' 

the     directii)n     indicated      bv     the 

ariow. 

It  will  he  noticcil  that  in  Fi<^.  ;  ;5 

the  mat^netic  curves  stream  out  from 

the  ends  of  the  solenoiil  in  a  m. inner 

remarkably  similar  to  that  in  wiiich 

they  stream   out    in   Fi^.   20  from   the  ndrth-sceknii;   pole  nl 

Since     in     the    outer    space    the     lines    of    torce    have    the 

meaniiij;  in  the  two  c.i>e>  we  ^b  ulil  expect 
tile  same  elTects.  In  other  wiird>,  the  solenoid 
should  behave  like  a  bar  maj>net.  The  deduc- 
tion cm  be  tesicd  by  experiiient  in  the  manner 
shown  in  Fiji.  .'|'.,  where  the  wire>  leadinj; 
the  current  in  aTid  out  ot  the  solenoid  are 
brought  up  to  two  mcrcurv  cujis  .a  and  i)  in 
such  a  wa\'  a-  to  su>peru'  the  solenoid  ana 
Ic.ive  it  free  to  move  m  a  hori/oiual  plane. 
The  end  from  which  the  linc^  of  lorce  stream 
o\it  has  been  m.irked  .n  and  that  at  which 
'-  thev  return  s,  and  by  bringing  the  magnet 
n'  s'  near  the  suspended  solenoid,  it  will  be 
found  to  !)■  have  like  a  su'-iieiided  m..gnet. 
'I'lie  end  N  will  be  re])illed  bv  the  north- 
seeking   pole   of    the  magnet   and    .ittracted  by 

the   south-seeking   pole,  whilst  the   end  s  behaves   in  exactly  the    opposite 

manner.     Furthermore,  if  quite  free  to  move,  the  solenoid,  when  c.irrying 

a  current,  will  set  in  the  earth's  tield  like  a  compass  needle  with  its  end  N 

pointing  towards  the  magnetic  north. 

The   connection   between    the   <lirection    of   the    lines  of  force    in    the 
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interior  of  a  solenoid  and  the  circulation  of  the  current  in  the  coils  can 
also  be  brought  under  the  "  corkscrew  "  rule,  only  instead  of  the  former 
case,  in  which  we  had  a  straight  current  with  curved  lines  of  force  threaded 
on  it,  wc  now  have  a  cylindrical  swirl  of  current  and  straight  lines  of  force 
inside  it.  The  rule  must  therefore  be  modified  as  follows  : — "  It  the  direction 
of  rijtiitidii  ot  a  right-hamieii  cnrkscrew  represent  the  direction  of  circulation  of 
the  current  in  the  coih  of  a  colenoid,  the  direction  of  trare'  of  the  screw 
(forwards  or  backwards)  tuill  rep-tscnt  the  direction  ff  the  lines  of  force  in  the 
interior  of  the  solenoid." 

Thus,  in  V'\g.  240,  if  the  arrows  w,  u;  w  represent  the  direction  of 
the  current  in  the  spirals  of  the  corkscrew,  the  arrow  n  will  represent  the 
direction  of  the  lines  of  force  within  those  spirals,  this  being  the  direction 
in  which  the  corkscrew  will  travel  if  turned  right-handedly  so  as  to  follow 
the  arrows  w,  w,  w. 

11. — KI.F.l  TKO-MAGNETISM. 

Discovery    of    Electro-Magnetism.— Arago,    in    i8::o,    developing 

Ampere's  work,  observed  that  iron  tilings  which  were  near  a  copper 
wire  conveying  a  current  surrounded  it  cyiindrically.  The  wire  through 
which  the  current  flowed  did  not  attract  the  filings,  but  gave  to  them 
a  distinct  position  ;  and  when  the  filings  were  thus  directed  they  attracted 
each  other,  and  then  covered  the  :;opper  wire.  The  current  in  the 
copper  wire  converted  each  filing  into  a  magnet  ;  and  caused  these  to 
place  themselves  with  the  longest  axis  at  right  angles  to  the  direction 
of  the  current.  The  phenomenon  disappeared  whenever  the  current 
was  interrupted.  Arago  found,  further,  that  when  iron  needles  were 
placed  in  a  glass  tube  round  which  a  current  was  made  to  circulate,  the 
needles  became  magnetic  ;  but  the  magnetism  disappeared  as  soon  as  the 
current  was  stopped  in  the  spiral.  The  magnetism  was,  however,  retained 
after  the  ceasing  of  the  current  when,  instead  of  inpii,  steel  needles  were 
taken.  Almost  simultaneously  (in  November.  1820)  Davy  observed  the 
same  effects,  and  also  that  if  a  wire  carrying  the  current  of  a  large  battery 
were  dipped  ni  iron  filings,  the  filings  hung  in  chains  around  it. 

The  step  from  these  e.xperiments   to   the  making  of  powerful    electro- 
magnets is  due  to  Sturgeon,  who  exhibited,  in   i^j;,  before  the  Society  of 
■^ts,   in  London,  the  two  electro-magnets  depicted  in  P'igs.  ^47,  z:,'^.  and 
-.  These   figures*  are  copied   from    the   paper   subscquentlv  published 

in  iiie  Transactions  of  the  Society.  Fig.  247  is  a  side  view  and  24S  a 
front  view  of  an  electro-magnet  of  horseshoe  shape.  The  core  consists 
of  a  bar  of  soft  iron  about  a  fo.'t  long  iiid  half  an  inch  in  diameter  bent 
into  the  required  shape,  and,  after  being  varnished  to  insulate  it,  over- 
wound with  a  spiral  of  stout,  bare  copper  wire.  The  ends  of  the  wire 
dipped  into  the  mercury  cups  c  and  z,  the  former  of  which    was   directly 

•  The  author  is  indebted  to  Dr.  Silvanus  P.  Thompson  for  these  figures. 
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connected  to  the  copper   pole   of  a  large  low  resistance  battery,    ami    the 

latter  could  be  connected   to  the  zinc  pole  by  the  spanner  ci.  which  was 

used  to  connect  the  intTcury  cups  z  and  z'  and  alio   to  break    the   circuit 

at  pleasure.      The  iron  of  the 

maRnet    wtiRhed    only    si-nit 

ounces,  but  when  the  current 

was    flowing    in    the   spiral    it 

was  able  to    •'"■^'ain   a   weight 

of  nine  poiiwh  by  the  traction 

of  the  poles  N  s.     This  result 

far   exceeded   anything   previ- 
ously attained  with  permanent 

steel  magnets.      It  shouKl   be 

noted    that    in    the   side   view 

(Fig.  J47)    the    poles    are    re- 
presented as  being  connected 

by  the  keeper  or  armature  y. 

Also,  if  it  be  reniemhered  that 

the  current  flows  through  the 

spiral   from  c   to  z,  it  will  be 

found  that  the  niagnttic   Hu.x    of  lines  in   the  iron   follows  the  corkscrew 

rule  given  above.      The  reader  should  carefully  verify  this  point. 

In  Fig.  -'4M  Sturgeon  shows  a  straight  solenoid  into  whicii  rod.  to  b,'^ 

„ lumagneti^ed  are  to  be  sli|)ped.     He  observe^  that 

[  -   iyi^uimMey'O'i^M''.'  |i.       I    when   a   current    Hows  in    this   spr  il  it  "  com- 

nuiiiicates  magnetism  to  hardened  steel  bars  as 
soon  as  they  ate  put  in,  .itul  renders  soft  iron 
within  it  magnetic  during  the  time  of  action." 
He  further  remarks  that  the  poi.irity  of  the 
m.ignetised  material  can  he  changed  either  by 
winding  the  spiral  in  the  opposite  di'^ection, 
or,  more  simply,  by  reversing  the  connections 
to  the  battery  >o  as  to  reverse  the  current. 
Either  of  these  changes,  of  course,  reverses 
the  direction  of  the  circttlatii,ii  of  the  c.irrent 
round  the  iron  or  steel. 

Magrnetising:  Force  of  a  Coil.— Tiu  next 

step  ill  advance  was  taken  bv  Professor  Joseph 
Henry  of  New  York,  who,  in  18 ;i,  discovered 
that  a  weak  current  circulating  many  times  round  an  iron  core  produces 
as  strong  a  magnetising  effect  as  a  much  larger  current  circulating 
only  a  'i<:\v  times  round  the  core.  Put  into  moilern  la'";uage,  this  is 
the  well-known  hiw  '-■/  the  fimf^ere-turns,  which  asserts  that  the  mag- 
netising   force,    or    rather    the    magneto-motive  June   of  a   coil,    is  [■f^hur- 


Fiii.  J49- — Sturgeon's  Straight 
Electro- maynet. 
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Iv.iuil  to  the priiduit  nf  {lif  lurrcitt  {amperes)  hv  the  number  nf  turns  iii  the 
cfji'l,  or,  ill  other  worils,  to  the  "  ainpcre-turns."  Henry's  discovery  is  further 
intcrotiiiH  from  tlie  fact  that  its  tommuiiication  to  Whcatstoiic  a  ii:\v  vcars 
1  Iter  enabled  the  latter  to  solve  the  problen;  of  loiij:-ili>taiice  telejjjraphy. 
The  law  just  enunciated  is  so  important  that  a  numerical  example 
may  he  u^ed  to  impros  it  on  tlie  reader.  'I'hus,  suppose  we  have 
two  magnetising  coils  externally  of  the  same  size  and  shape,  but  one 
wound  with  many  turns,  say  2,500,  of  fine  insulated  copper  wire,  whilst 
the  other  is  wountl  with  a  comparatively  lew  turns,  say  iJ:,  of  much 
thicker  wire.  Roth  these  coils  can  be  made  to  produce  the  same 
magnetic  efkxt  with  a  particular  core  i)laced  inside,  provided  the  cur- 
rent    in    the     latter    coil    is    proportionately   greater    than    that    in    the 
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former,  so  tliat  the  product  of  current  by  turns  is  the  same  for  eacli. 
If.  for  instance,  we  send  a  current  of  i  an  ampere  through  the  first 
coil,  the  ampere-turns  will  be  A  x  2,500  =  1,250.  To  obtain  a  similar 
result  with  the  second  coil,  we  mu>l  send  through  it  a  current  of  10 
amperes,   so   that    10    x    125   =;    1.250   as   before. 

The  Magnetic  Circuit.— Tlie  law  that  we  have  just  explained,  namely, 
that  iiudir  similar  chrumslaiires  a  certain  number  of  ampere-turns  will  pro- 
duce a  definite  effect,  does  not  lead  us  very  far,  for  in  many  [iractical  cases 
the  circumstances  are  not  at  all  similar.  For  instance,  if  in  the  example  just 
cited  the  core  be  changed  from  wrought  iron  to  cast  iron  or  to  brass, 
we  shall  find,  by  quite  simple  tests,  such  as  the  deflection  of  a  com- 
pass needle,  that  the  field  opposite  the  end  of  the  solenoid  varies 
considerably  in  strength,  although  the  ampere-turns  be  kept  unchanged. 
Put  otherwise,  this  amounts  to  saying  that  the  number  of  magnetic 
lines  of  force  issuing  from  the  solenoid  core  is  different  for  each  kind 
of  core.  The  point  can  ca-^i!y  be  examined  expeiiiueiitally  with  quite 
simple  apparatus,  such  as   is  shown  in  Fig.  250.     A  solenoid  s,  a  voltaic 
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cell   c,  and  a   key   k   arc   arraiiKcil    in   lircuit,    tlic   solcnoii!    buiiii.'   plarcil 

at     right    angles    to    a    sii^pundcil    i>r    pivi-tiil    (.iiiiip.i-.s    iicciUf    n,    .iii.l    at 

a   convenient    distance    Ircnn    it.     Ccn-.   </,  A,  c',  etc.,  all    ul    the  >.iiiie  ^i/e 

and    shape,    but    of   different    materials,    can    he   intrddiueil   "ue  .it    a    tunc 

into    the    solenoid.     Tiie    tangent   of    the    an^le      \  detlectioii  ot    tin-  loin- 

pass    needle    when     the     kev     is    presseil    is    .i     measure    ot     the    m.iynetic 

etleet    produced    in    each     case,    and    the    itiiiueiice    ot    the    ditlcreiit    ures 

can    easily    he    shown,     l-'or   more   e.vai  t    work  .i  j^.iKaiiometer   and   adj'i-t- 

ablc  resistances  should  be  introduced  into  the  electric  circint   to  eiisuie  the 

constancy    of   the    current,    but  the^e   .nul   othc'   prec.uitions  .ire     uinines- 

sarv    in   a  tirst    e.xamin.ition    of   the    effect,    lor    thj    ditlerences    arc   rtadily 

detected.     Now,    in    e.ich    c.i^e,    we     have    the     same    nuinbir    ot    .uupire- 

turn>,    and    theretore    the    >anie    mai;iKti>-niotive     torce.      Whv,    then,    the 

din'ereiice    in   the  magfnetic  flUX,  a^   the   total   number   of  lines   is  c.ilied  ? 

It    arises    becau.se    we    have     Ixen    ch.niKini;    the     medium     in     which     the 

Hu.x   is  ser    up.   althouyh   we   have   not   chaufied  the  magneto-motive   force. 

The  case   is  verv  similar   to  that   which  we  have  been   desiribiiiK  when 

discussing;    Ohm's    law    tor    elcaric    circuit--.       In    the^e    the    same    ekaro- 

inotive    torce    >;ives    rise  to    a    f;re.it    raiiyc    of   curieiits,    according;    to    the 

resistance   of  the   electric   ciicuit    through    wliich    the   current    tluwb.      in 

other    words, 

,  ^  eicctro-iuotive   lorte 

electric   current    How    =  •— - 

resistance. 

The  denominator  on  the  right  hand  side,  a>  we  have  seen,  dejiends 
entirely  on  the  materials  of  which  the  ciicuit  is  compo-cd  and  their 
geometrical    shape   and   si/e. 

So,  in   the  maj;netic  case,  the  total  number  of  lines  set   up  bv  a   i;ivcn 

force   but 


magnetising  solenoid  depends  not  only  upon  its  magneto-iuotivc 
also  upon   the  material     aid    geometrical    shape    and    si/e    i  '     ' 
circuit  tlirough   which   me  lines  pass.      In  short,   we  hive 


magnetic  flux  — 


ni.igiieto-motive  lorce 
reluctance. 


The  denominator  of  this  fraction,  the  relnctiiicr,  is  the  term  an.ilogous  to 
the  resistance  in  the  electric  case,  and  when  this  equation  w.is  tirst  u>ed 
it  was  u-ually  referred  to  as  the  nuii^^iirtic  trsisUwci'.  Kut  it  wa^.  soon 
perceived  that,  apart  from  the  danger  of  contusion,  the  analogv  w.is  not 
sufTicieiitly  clo>e  to  justify  the  use  of  the  same  term  in  the  two  cases. 
Electric  resistance  causes  heat  to  be  generaleil,  and  theretore  energy  to 
be  wasted  in  the  electric  circuit.  In  the  magnetic  circuit  there  is  no 
similar  waste  of  energy.  Mr.  Oliver  Heaviside  therefore  suggested  the 
use  of  the  word  reluctance  for  the  magnetic  case,  and  this  suggestion  has 
been  very  generally  adopted. 
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nil  , 

KcfcrrinR  to  the  last  equation,  we  see  that  with  the  same  magneto-motive 
force  (M.  M.  h.)  the  flux  varies  inversely  as  the  reluctance.  If  we  incroase 
the  rcIuctaiiLC  we  diminish  the  flux  and  tice  trr.i<i.  The  reluctance  of 
wrought  iron  is  less  than  that  of  cast  iron,  which,  in  its  turn,  is  considerably 
less  than  that  of  brass.  The  substitution,  therefore,  of  cast  iron  or  brass 
for  wrought  iron,  in  the  experiment  of  Fig.  2-0,  produced  the  observed 
changes  in  the  flux,  although  the  change  was  onlv  nude  in  one  part  of 
the    magnetic   circuit.     The    reluctance   (\)    of    any   piece   of    material   of 

uniform    cross-section   depends   upon    its   specific    reluctance    f  '  i    and    its 

length  (7)  and  sectional  area  (a)  ;  the   form  of  the  equation    being  similar 
to  that  fur  electric  resistance  (sre  page  184).     This  equation  is 


or 


reluctance  =  specific  reluctance  x  — — ^— =-; 

sectional  area, 
I  / 
\  =  - 
ma; 


in  other  words,  the  reluctance  of  the  whole  or  -it  any  part  of  a  magnetic 
circuit  is  iiiri\tl\  proportional  to  its  /rm^lli  ,nul  iiirersdy  prnportiunal  to 
its  sectional  area. 

The  specific  reluctance  is  a  physical  property  of  the  material,  and,  like 
the  specific  resistance,  its  value  must  be  obtaineil  bv  experiment.  It  is 
usual,  however,  to  express  the  results  ii.  terms  of  the  pcrmeahilitv  (fi),  or 

specific  magnetic  conductivity,  rather  thin  in  terms  of  its  reciprocal  (-\  the 

specific  reluctance.  This  practice  has  grown  up  from  another  method  of 
looking  at  the  facts  which  we  shall  explain   |ire-ently. 

In  applying  the  above  equation  to  the  calculation  of  the  reluctance 
of  any  given  magnetic  circuit,  we  follow  the  same  general  rules  that  we 
use  in  the  corresponding  electric  case.  Unfortunately,  the  calculation  is 
not  as  easy,  for  two  reasons  :  firstly,  the  permeability  of  magnetic  materials 
especially  iron,  is  not  a  constant  quantity,  but  varies  with  the  density  of 
the  magnetic  lines  in  the  iron  ;  and  secondly,  there  is  no  known  material 
which  Kill  insicla.'e  the  maf^netic  lines  and  compel  them  to  flow  in  definite 
paths  in  the  same  way  that  dry  air,  guttapercha,  and  other  insulating 
materials  confine  our  electric  currents  in  the  conducting  circuits.  Thus 
not  only  the  iron  but  also  the  whole  of  the  space  surroumiin/^  our  vtaenets 
is  permeable  to  magnetic  lines,  and  its  influence  must  be  taken  into  account 
in  the  calculation. 

In  addition  to  the  permeability  of  iron  varying  in  the  same  specimen 
as  the  iron  becomes  more  and  more  "saturated,"  difTerent  specimens 
difier  widely  in  permeability.  It  is  therefore  necessary,  before  any 
calculations  can  he  made,  tn  determine,  by  direct  experimciil,  the  per- 
meability and  Its  variation  under  diflferent  conditions  of  the  particular 
kind  of  iron  which  it  is  proposed  to  use. 
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III.  — I'KRMFAIIIMrV. 

If  we  fix  i>ur  attciitiiiii  on  any  p.irt  <■(  a  maniictic  ficKl,  luch  as  the 
interior  of  the  solciioiil  in  I-ij;.  j)c  wc  kimw  that  tiic  mtcll^ity  ot  the 
held  or  the  niaj;iiftii.  torcc  at  tiic  point  coii^iJctcil  is  uprcMntcil  numeri- 
cally (assamiiij;  tiie  spate  to  be  occiipii-d  with  air  or  nun  rnannttic  material) 
by  the  number  of  lines  of  torce  iH)  crosMiig  a  unit  (or  sijuaie  centi- 
metre) area  lieiil  perpenJinilar  to  the  direction  of  the  lines.  Il  we 
substitute  magnetic  for  non-m-ignctic  material  the  mm.ber  ot  lines  [>ei 
square  centimetre  is  altered  and  a  greater  number  (B)  llows  .icro-.s  the 
area.  The  iiicre.ihc  is  ikie  to  the  greater  f't-rineithiiitv  ot  the  magnetic 
material,  tor  more  lines  f^n  tiir<iui;h  it  tli.in  through  the  iKMMn.ignetic 
material.  The  ratio  of  the  new  number  to  the  old  is  a  measure  ot  the 
permeability  (/i),  and  we  have 

B 

''  =  H. 
or 

B  =  /iH. 

Thus  ^  io  a  kind  of  multiplying  factor  by  which  the  lines  H  are  increised  to  the 
lines  B  by  the  action  of  the  magnetic  materi.il.  To  determine  ft  we  have 
therefore  to  determine  the  values  ot  B  and  H  miiler  exactly  similar  conditions. 

Measurement   of    Permeability. — There   are    several    good   methods 

by    which    the    |)criiieabilily   ol    a  . 

specimen  of  iron  may  be  accu- 
ratel)'  determii'.eil.  We  select  one 
which  was  employed  bv  Dr.  J. 
Hopkinson,  and  which  is  almost 
of  classical  interest. 

The  arrangement  of  the  appa- 
ratus is  shown  diagramniatically 
in  Fig.  251.  The  material  to  be 
tested  IS  made  into  a  ring  of 
uniform  cross-section,  and  this 
ring  is  closely  overwound  with 
a    magnetising    coil    tjf    insulated 

copper  wire,  represented  by  the  thick-lined  spiral  in  the  tiguie.  This  coil  is 
put  in  circuit  through  a  reversing  switch  s,  with  a  suitable  battery  b  (usually 
a  few  secondarv-  cells),  an  ampere-meter  a,  and  an  adjustable  resistance  k.  At 
one  part  of  the  ring  the  magnetising  toil  is  over-wound  with  many  turns  of 
fine  insulated  copper  wire,  and  this  "  search-coii,"  as  it  is  called,  is  joined  in 
circuit  with  a  ballistic  gidvancnnctcr  lio,  a  toil  whicli  can  be  moved  on  the 
limb  of  a  permanent  magnet  m,  but  which  is  only  used  to  bring  the  needle 
of  BG  to  rest,  and  a  coil  kc  used  to  standardise  the  galvanometer. 
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The  expcrimcm  irni^ists  in  Muliltiilv  chaiiKinj;  the  current  in  the 
ni.i),'iiiti>iii;;  toil,  fitlicr  by  altcriiifr  the  rcsi-t.mce  H,  or  by  brcakinK  or 
revcr-in^;  the  switch  s.  and  ob^crvins  the  throw  on  the  galvanometer 
iwt  iaii-c(l  by  each  chaiiRe  ot  turrent.  Sinuiltaneously  the  change  in 
the    magnet isinj;   current    is   noted    by   reading   the   amperemeter    a. 

Now  when  a  current  is  first  passed  into  the  maKnetisin^,'  coil  a  num- 
ber ot  mayiletic  lines  are  suildenly  proiluced  in  the  iron  rini;.  These 
lines  all  pass  t!n(>uj;h  the  little  search-coil,  and  as  thev  come  in  give 
rise  to  a  transient  but  cumulative  induced  k.  m.  k.  in  this  coil  in  ac- 
cordance with  the  laws  ot  mayneto  electric  induction  (\rr  yi.xge  ^\i>).  This 
induced  k.  m.  i-.  depmls  \ipon  the  number  ot  linos  ot  force  thus  suddenly 
introduced,  and  gives  n-e  to  a  cirrespondin;'  transient  current,  the 
cumulative  eilc-t  of  wliiil  is  mc  i-ured  by  the  tirst  throw  of  iho 
ballistii.  u.dvanoinelei.  I'lie  obsLrveil  throw  (.t  the  galv.mometer  is  thus 
propi.rlioii.u  to  the  i ////w^'c  /;;  //u-  m.n;ii<lic  tiiix  in  the  ring,  and  the 
vaitu  ..f  the  ih.uii;c  can  be  ascertained  h\-  using  the  toil  Kt  ,  which 
allow-  .1  known  numhi  r  ot  lines  to  be  introduced  into  or  withdrawn  from 
the    gaKaiiomcler    circuit. 


The  niagneto-niotive  force  can 
partis  ul.n-  nt  the  windings  in  the 
pa^-ed    through    it.     Tor 

.Mai;ncli>-ni"ti\c    I^iyc    = 


be    c.iicul.iti 
magneii-ing 


I    whrn    we    know    the 
coil    and    tile    current 


47r 
lo 


a!ii|v  le-lniiis, 


M.M.I-.    =     rj^y     <     .niiju  11 -turns, 
mure    tli.ni     ij     linu-    the   aiii])LTe-;iiriis.      (It    in.iv   he   explained 
4"^ 


here    that    the    iiiulliiilier 


or 

or  r. it  her 

,„     ■      iiiti' 'diKcl  to    hriNL;   our   ni.ii'netic   units 

1  o  -•  -) 

into   line    wi;li    ■■iir    nther  unit--.) 

W'lun  we  know  the  niagneln  tiioli  .e  toiie  and  the  lol.il  lhi.\,  the 
ratio  111  the  twn  uill  jiixe  the  reluct. iiice  ot  the  iron  ring,  wliicii  forms 
the  whole  ni.igiutic  cinieiit.  .^iiice  we  also  know  the  length  .mil  iross- 
section  ot  the  ring,  the  permeability  (.in  he  calculated  from  the  equa- 
tioii  alre.idy  given.  Or.  if  \.-e  prefer,  we  cm  tuul  B  by  divii' iig  the  total 
flux  by  the  cross-sectional  area  of  the  '-in.  so  as  ;.)  obtain  the  average 
tkiA  per  square  ceiilimelre.  We  can  .iKo  tiiid  H,  which  in  this  case  is 
equal  to  the  m.igiieto-motive  (orce  divideil  by  the  length  ot  the  mag. 
nelising  coil,  mcisured  in  centimetres.  The  ratio  ot  B  to  H  will  give 
the    same   value    of  ft    as    before. 


I\. 
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We  are  now  in  a  position  to  discuss  more  fully  tiie  magnetic  properties 
of  materiais,  and  especially  of  iron,  in  ail  it-  \aiied  loiius,  tiiese  pioperlies 
being  investigated  either  by  the  method  just  described  or  one  of  the  other 
methods  alluded  to. 


.\fir,.\irh-  PKornKTiK<;  of  /k,'.v.  i*^7 

Tlif  rc'iilt*  art-  very  iuiiiui"ii«  .mil  o>m|>lix  ;  tlii-v  iiiav  either  he 
present vil  in  tlic  U>n\\  ut  nuincrK.il  tablo  K'vinn  tlu'  .ictu.il  \.iliu's 
mfa>iiriil  in  ihc  various  expcritmnts  or  in  the  lortn  ot  ^raphiv  iuim-^ 
construt  ted  Irom  thi>c  tal)icH.  We  shall  adopt  the  latter  nutlio,!  lieiaii-e 
it  presents  to  the  eye  in  a  lorin  easilv  retn.tiihereil  intorniatiou  uhiili 
toiilil  Duly  he  oht.iiiKil  hv  a  tlo,e  ami  labotious  exaininatiiiii  ot  niimeriL  il 
tables. 

Ill  I*"ig.  ?-.:.  taken  Irom  F.win^;'-<  experiment^,  we  exliiiijt  curve-  -liow- 
iliR  the  relations  between  B  ami  H  for  diflerent  kinds  ot  ir.m  .iiiil  steel. 
In  these  curves  the  valuer  ot  the  inaKuetisinj;  torLe  H  line  lueu  plotted 
liori/ontally  from  o  to  :o— that  is,  these  ninub.  ^^  tejui -.  nt  tlu-  luini- 
her   ol    lines   of    tone    per    square    eentimelre    that    would    have    p.i--til 


B 


«;nrT 


V.NC»aP-iiK"«  — 


i'M  .f  Il.!li 


throujjh   the  core   of  the   m.^net 

isin^  solenoid  h.id  no  iron  or  steel    )„,\^^ 

been  present.      The  corn -j>ondii\n 

values    ol     B    have    been    plotted 

vertic.ilK'  troin  o  to  l'.,or>o.  -Imw- 

ini;    in    the    ino-t    la\c.iir.ible  t.ise 

an    enormous    ni;ilti]ih  im;    etlict 

on    the    mnuiier    ot    lim-    du..'    to 

the  iire-ence  ot   the  -ilt   .unic.iletl 

iroM.   .Ml  till'  tu;\e.s  sj.in.  iriiui  the 

Zero    ponil      lli.it     i-,    the    s;i,ir|M.-s 

c>  j)i  linienteil  upon  li.i,!  hciu  i.iie- 

fullv  dem.iuiKtist  d  bitoii.  st.Mtinj;. 

The    ino-t    stiikini;    cuiw   i^  tli.it 

lor  •■  s'lll    aiu'e.iK  d    hoii,"    whii  li 

at     .1     slioit     dis!,i:i,,e     troni    the     /i  ro     p. ml     Ih.;!!!--    to     v\-c    vei  v    '.ipiillv 

indeed,    until     loi     a     \\iiue    ol     H=I0    t!ie     wilue     ol     B    is      .\er     i.).ooo, 

B 

f^ivint:     i   v. due    !or   tic    ;k;  mc.iliiliiy   j  „  ,  j;ie.i',ei  'li.in   1,400.      I-'p  mi  about 

thi'  point  onward  tlir-  ri-e  is  nuicli  k-s  r.ipid.  lor  .m  aKre.isc  of  H  to 
50.  or  to  live  tiiiRs  the  previous  .eiiount.  onl\  imrr-i-es  B  lioin  .ibout 
14,000  to  .d>oul  I'l.ooo.  It  i-.  tlurelore,  nUKli  more  ililfKiilt  to  j^it 
these  last   .:  000   lines  th.m   to  obt.iin   the  first    14,000. 

The  curves  lor  h.irdelled  iron  wire  C' h.udetied  h\-  streti  liilii;  "1  and 
for  annealed  steel  lie  well  btlow  th.it  lor  soft  aniie.ile  I  iron,  the  dilkreiice 
at  some  points  beill-;  Lolisiderable.  In  cit-h  o'  tlu-e  curvis  three  di-tiiiit 
stages  can  be  traceil  in  the  process  cil  111  iL^netis.ii  ion.  There  is  tirs; 
a  more  or  'ess  gradual  rise,  from  the  zero  piiiit,  then  a  cli.iiit;-  to  a 
much  more  rapid  rise,  and  final) v  a  beiulini;  of  the  curve  oiKe  more 
towards  tile  horizontal,  indicating  only  a  gr.ulu.d  ri-e  m  the  nLignetisa- 
tion    as  larger    and    larger  magnetising    forces  are    employed. 

Instead  oi  drawing  the  curve  which  shows  the  relation  between   B  and 
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H,  we  may  represent  tlie  results  in  a  form  more  convenient  for  some 
purposes  by  plotting,  the  connection  between  the  permeability  (/i)  and 
the  <lu\  density  B  of  the  lines  actually  passing  through  the  magnetic 
material.       \o     further    experimental  data    are  required,  as   the  values  of 

^  I  or  n  1  '-''''"  ^*^  calculated  from  the  values  used  for  the  previous  series 
of  curves.  Fig.  2~i,  reproduced  from  Dr.  S.  V.  Thompson's  "Dynamo- 
Electric  Machinery,"  exhibits  such  curves  for  live  typical  kinds  of 
material.  The  difTereiices  in  the  permeability  are  .very  striking,  and 
also  the  r.iLt  that  in  all  cases  the  permeability  rapidly  falls  as  the  flux 
density  approaches  the  higher  values.  The  curve  for  cast  iron  shows 
very  graphically  how  inferior  this  material  is  in  magnetic  permeability 
to  either  wrought  iron  or  mild  steel.  At  a  \alue  of  B  =  S,ooo  lines 
per  square  centimetre  its  permeability  has  already  sunk  to  lOO,  and 
diminishes  to  50  at  B=  10,000  ;  at  the  latter  flu.\  density  the  permea- 
bility of  wrought  iron  is  still  over  1,700  for  the  commercial  wrought 
iron,  and  nearly  2,000  for  annealed  wrought  iron.  It  is  interesting  to 
note  that  the  curves  for  these  two  materials  cross  one  another  at  a  flux 
densitv  of  i2,;oo,  and  that  at  higher  tlux  densities  the  commercial  variety  is 
slightly  better  than  the  annealed  iron.  Still  more  interesting  are  the  curves 
for  mild  steel,  which  is  nearly  pure  iron  with  a  very  small  percentage  (about 
o  1  [)er  cent.)  of  carbon  added.  At  moderate  flux  densities  this  material  is 
not  a>  good  as  the  wrought  iron,  but  as  the  density  increas'S  it  rapidly  comes 
to  the  front,  until  for  B  =  iq.ooo  the  unannealed  specimen  has  a  value 
of  ^  =  350,  and  the  annealed  one  \x  —  Jbo  as  against  /x  =  130,  the  highest 
value  for  wrought  iron  at  this  density.  These  and  other  properties  have 
caused  mild  steel  to  supplant  wrought  iron  very  largely  of  late  years  for 
certain  magnetic  parts  of  heavy  electrical  machinery. 

Unmii/Tjirtisahle  Steels. — One  of  the  most  curious  facts  connected  with 
the  magnetic  properties  of  iron  is  the  eflPect  produced  on  these  properties 
by  the  presence  of  foreign  substances.  Attention  has  already  been  drawn 
to  the  dilferences  in  permeability  <if  steel  and  wrought  iron,  and,  as  is  well 
known,  strong  permanent  magnets  can  be  made  of  steel,  whilst  wrought 
iron  is  practicallv  useless  for  the  purpose.  Yet  steel  only  dilTers  chemically 
from  wrought  iron  by  the  presence  of  a  small  quantity  of  carbon,  the 
percentage  amount  of  which  is  very  much  smaller  than  the  percentage 
change  produced  in  an-  'iiagnetic  property,  <■.,.?■.  the  permeability,  by  its 
presence.  Moreover,  c,  ^n  is  not  a  magnetic  body  in  any  one  of  its 
three  well-known  forms,  and  yet  the  presence  of  a  small  percentage  of  it 
irl  the  iron  enables  the  latter  to  powerfully  retain  the  induced  magnetisation 
after  the  inducing  magnetic  field  has  been  removed. 

The  eflect  of  alloying  good  magnetic  steel  with  a  small  quantity  of 
manganese  is   still    more   curious,    tor,    with    the   latter   present    in    certain 


proportions,   the   steel   becomes   wXv 


.gnetic.     Thus 


specimen 


Permeability  of  iROit. 
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of  steel  containing  i;  per  cent,  ot  manganese  was  found  to  be  almost 
unmagnctisable.  the  magnetic  momtnt  (see  page  28)  of  a  specimen 
subiected  to  a  strong  magnetising  force  being  less  than  WoTsth  of  that  of 
a  similar  piece  of  good  magnetic  steel.  Another  specimen  of  manganese 
steel,  containing  \Z  per  cent,  of  manganese  and  I  per  cent,  of  carbon, 
had  a  permeability  varying  between  1-3  and  r?  in  either  weak  or  strong 
fields.     Compare  this  with  the  permeabilities  shown  m  Fig.  253- 

But  perhaps  the  most  curious  fact  of  all  is  that  an  alloy  of  two 
metals,  steel  and  nickel,  both  magnetic,  produces  a  substance  which  is 
nearly  non-magnetic.  A  nickel-steel  containing  25  per  cent,  ot  nickel 
has  been  observed  to  have  a  permeability  ^  =  r4,  whether  the  held 
in  which  it  is  placed  be  strong  or  weak.  This  yalue  for  ,»  is  very  much 
below  the  corresponding  value  for  either  of  the  materials  of  which  the 
alloy  is  made.  As  these  manganese  and  nickel  steels  have  valuable 
mechanical  properties,  the  fact  that  they  are  non-magnetic  may  prove 
advantageous  in  the  construction  of  certain  apparatus  and  machines. 
The  phenomena,  however,  are  very  complex,  and  the  greatest  care  must 
be  e.xercised  in  applying  any  results.  For  instance,  in  the  case  of  the 
steel  just  referred  to,  Hopkinson  found  that  it  became  magnetic  when 
cooled  below  o"'  C.  More  curious  still,  on  being  heated  up  from  the 
low  temperature,  it  retained  its  magnetic  properties  until  the  tempera- 
ture was  raised  to  580°  C,  when  it  again  became  non-magnetic,  and 
remained   so   when   cooled   to   ordinary   temperatures. 

Hysteresis.— We  shall  now  refer  to  a  magnetic  property  of  iron  which 

has  most  important  consequences 
when  this  material  is  used  in  the 
construction  of  many  kinds  of  elec- 
trical machinery  and  apparatus.  In 
the  experiments  whose  results  are 
exhibited  in  the  curves  of  Fig.  252, 
the  material  was,  first  of  all,  care- 
fully demagnetised,  and  the  curves 
show  the  effect  produced  by  gradu- 
ally increasing  the  magnetising  force 
H  from  o  to  50. 

The  experiments,  however,  may 
be  carried  further  by  observing  the 
effect  produced  by  a  gradual  dimi- 
nution of  H  after  it  has  been  pushed 
up  to  the  highest  value  either  attain- 
able or  contemplated.  The  general 
result  is  shown  in  Fig.  254,  where 
the  point  m„  indicates  the  magnetic  induction  os  produced  by  of„, 
the    highest  value  of  the  magnetising  force  used.      When   this    fo.rce  o  K, 


Fig.  554.— lypicil  Hystcrerfj  Loop, 
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is  graduallv  diminisb-'  to  zero  ;lu'  nuRiictic  induction  only  tall-  al..ng 
the  curve  M  K  to  the  value  ok,  which  i-  a  considcra'.ilc  traction  of 
the  highest  value  .  N.  Let  the  ma«ncti>in),'  force  be  now  reversed 
and  gradually  increased  ;  it  will  be  f.'und  that  the  induction  l..r  the 
different  value-  of  this  reversed  force  is  given  by  the  curve  kc  m'„ 
for  which  the  magnetic  force,  being  negative,  is  plotted  to  the  left 
instead  of  to  the  right  of  o.  Similarly  negative  magnetic  inductions  are 
plotted  below  the  line  c'uc,  because  the  positive  values  are  plotted 
above  that  Ijne.  Thus,  m',  represents  the  highest  negative  induction 
produced  by  the  highest  negative  value  of  H  used. 

But  if  after  reaching  m'„  the  magnetising  force  be  diminished,  the 
curve  obtained  is  not  m'.c'r  but  m'„  k',  the  ordinate  ok'  being  the 
negative  value  of  B  when  H  is  again  =  o  ;  ami  when  H  is  again 
reversed  so  as  to  become  positive  once  more,  and  is  then  gradually 
increased  to  the  value  of,,  the  corresponding  values  of  B  are  given 
by  the  curve  k'  c  m„  the  end  of  which  is  at  the  point  m„  reached  during 
the  first  magnetisation.  If,  now,  the  magnetising  force  be  caused  *< 
oscillate  continuously  between  the  maximum  positive  value  o  i„  and  i...e 
maximum  negative  value  oi'.  being  reversed  each  time  it  pisses  through 
the  value  o,  the  corresponding  values  of  B  will,  over  atul  over  again, 
tr.ice  out  the  cyclic  curve  m„r  c' m',.  k'c  m.,  being  always  found  on 
the  branch  .M,Kt'M'„  as  the  force  falls  from  i„  to  F^,  and  on  the 
branch   m'^r'cm,,  as   the   force   rises   from    f'„   to   f,. 

To  interpret  the  meaning  of  this  curious  behaviour,  draw  the  dotted 
curve  M,  OM„  half-way  between  the  falling  and  rising  curves,  and  there- 
fore representing  the  mean  value  of  B  for  each  value  of  H,  irrespective 
of  the  direction  in  which  H  is  moving,  i.e.  whether  increasing*  or 
decreasing.  On  comparing  the  actual  curves  m^rc'm',  and  m'^r'cm, 
with  m„om',  we  see  that  when  H  is  decreasing  the  value  of  B  is 
.Uwavs  larger  than  the  mean  value — in  other  words,  B  does  not  decrease 
rapidly  enough ;  and  when  H  is  increasing  B  is  always  smaller  than 
the  mean— that  is,  B  does  not  increase  rapidly  enough.  Thus  the  value 
of  B  is  tihiavs  too  hii-gc  when  H  is  dimiiiishiiiffy  and  too  small  when  H  is 
increasing.  In  other  words,  the  value  of  B  /a/fs  behind  the  mean  value 
for  all  changes  in  H-  To  this  phenomenon  Professor  Ewing,  who  dis- 
covered it,  gave  the  name  of  hysteresis  (Greek  bartptw,  to  l.ig  behind). 

It  is  worthy  of  special  note  that  tie  p  irtion  o  m,  of  the  mean  curve 
has  the  general  shape,  near  the  origin,  of  the  ordinary  magnetisation 
curve  (Fig.  2^2)  though,  at  first  sight,  the  hysteresis  loop  [m,c'm„'cm,] 
appears  to  contain  no  trace  of  this  peculiarity  of  the  previous  curve. 

•  The  terms  imreasini;  .ind  Ji^xasing  are  here  used  in  their  strict  algebraic  sense,  it 
lieinp  uiulerstfiod  lh.T  a  nejjalive  increase  is,  in  reality,  a  decrease,  .ind  viie  versa,  and  con- 
seqiantly  that  a  large  negative  value  of  a  quantity  is  less  th.in  a  small  negative  value,  and 
that  a!!  negative  values  are  less  than  zero. 
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An    ingenious   apparatus,   invented   by    K 
ing  hysteresis  curves  on  a  screen,  is  shown 
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wing,   for  graphically  project- 
in  Fig.  255-     A  light  mirror 
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Pi^.  J55.— Ewing's  Hystere>i-        tve  Ti»cer. 

M  is  cau^cJ  to  oscillate,  in  step  with  the  magnetiMng  force,  round  a 
vertical  axis,  so  that  a  ray  of  light  reHccted  from  it  will  move  hori- 
zontally. Simultaneously  the  same  mirror  is  made  to  oscillate,  in 
step  w'ith  the  corresponding  values  of  B,  round  a  horizontal  axis,  so  that 
the   ray   of  light    is,    by    this    movement,    deflected   vertically.     As  both 

movements  are  given 
to  the  mirror  simul- 
taneously the  motions 
are  compounded  and 
the  reflected  ray 
traces  out  the  hystere- 
sis curve. 

Fig.  2-6  shows  dia- 
grammatically  how 
the  apparatus  is  ar- 
ranged. The  mirror 
M  is  pivoted  on  a 
single  needle  point  so 
as  to  be  free  to  move 
in  any  direction,  and 
its  movement  is  con- 
trolled bv  vertical  and 
horizontal  threads  attached  respectively  to  the  stretched  wires  a.\  and  hb. 
The  threads  are  kept  taut  by  the  light  springs  s.  and  s„  by  which  their 
tension  can  be  adjusted.  The  wire  .\\,  which  is  kept  stretched  by  the 
weight  w„  is  traversed  by  a  current  of  about  4  amperes,  which  is  kept 
constant  during  any  series  of  experiments.  It  pas^-cs  through  a  long 
gap  between    tlie   pole  pieces  />/  of  an  eiectro-magnet,  of  which   the    lods 


Fig.  J5«,— Diagram  of  Currt  Tracer. 
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r  n  arc  the  cnn:^  and  v  is  the  yoke.  Tlic  cores  n  n  are  the  >reciinen*  of 
iron  which  are  b(;ii)K  examined  for  hy-tereMs  ;  they  are  mm  rounded  hy 
maKnetisinjT  coils  (not  shown  in  the  diagram,  but  clearly  >een  m  I  iR  -}'~), 
tb-uigh  which  the  necessary  magnetisinR  currents  can  be  passed. 

I'he  arranfiements  for  chanRing  these  cores  and  connecting  thein  to 
tb(  yoke  and  the  pole  pieces  can  be  seen  in  Fig.  2??.  The  magnitude 
of  tlie  magnetic  field  produced  in  the  gap  between  ^f>  and  />  by  any  magnet- 
ising currents  will  depend  on  the  magnetic  properties  of  the  coro  I'  n, 
and  Ihe  current-carrying  wire  a  a  will  be  moved  vertically  either  upwards 
or  downwards,  according  to  the  direction  of  the  field,  and  with  a  force 
proportional  to  the  strength  of  the  field.  This  movement,  therefore, 
depends  upon  and  is  controlled  by  the  values  (^f  B  in  the  cores  n  i>  ;  it 
gives  rise  to  a  vertical  movement  in  the  spot  of  light  reflected  from  the 
mirror. 

The  other  wire  Hit.  kept  stretched  by  w,.  pas>es  through  the  polar 
gap  of  the  circular  magnet  c.  the  core  only  of  which  is  shown  in  the  diagram. 
By  a  reference  to  Fig.  255  it  will  be  seen  that  this  core  is  overwound 
longitudinally  by  a  magnetising  coil,  and  the  magnetic  circuit  being 
nearly  closed,  a  strong  and  constant  field  can  be  produced  in  the  gap 
through  which  the  wire  bb  passes.  The  exciting  coil  for  this  circulai 
magnet  is  put  in  circuit  with  the  wire  a  a,  and  is  traversed  bv  the  same 
constant  current  which  flows  through  the  wire.  On  the  other  hand,  the 
wire  HB  is  in  circuit  with  the  exciting  coils  of  the  magnet  D  i),  and  is 
traversed  by  the  varying  current  passing  through  those  coils.  It  is  there- 
fore moved  horizontally  inwards  or  outwards,  according  to  the  direction 
of  the  current  passing  along  it,  and  to  an  extent  depending  on  the  magnitude 
of  that  current.  It  thus  controls  the  horizont.d  movement  of  the  mirror 
M,  which  therefore  depends  on  the  magnetising  force  H  "f  the  coils  of 
the  magnet  r>  n  being  proportional  to  the  current  in  b  b. 

The  electrical  connection  of  the  coils  of  n  o  and  the  wire  11  is  cn-uies 
that  the  horizontal  and  vertical  movements  of  the  mirror  shall  be  in  step 
with  one  another,  and  ♦'i.;refore  when  a  current  varying  continuously 
from    iCto  — C"  and  again    is   passed    through    this  circuit,  the   re- 

flected light  traces  ou  ysteresis  curve      An  ingenious  liquid  rheostat 

and    reverser  for  alteri.       .   ;s  current  in   .'      continuous   manner   required 
is  usually  supplied  with  the  apparatus  as  made  by  Nakler  Bros,  and  Co. 

Rv  tile  aid  of  such  apparatus  it  is  easy  to  show  that  the  actual  size  of 
the  hysteresis  loop  in  any  specimen  of  iron  depends' upon  the  range  or 
amplitude  of  the  fluctuations  of  the  magnetising  force  H.  Thus,  if  H 
oscillates  between  the  values  o.v,  and  ov',  (Fig,  2")  we  get  the  loop 
n,r,ii,'r,'a„  bui  if  we  increase  the  amplituile  of  H  so  thai  its  v.ilue  oscill.ites 
between  o.v,  and  o.v,'  we  obtain  the  larger  loop  </^,'/»..  And  if 
we  take  still  l.uger  limits  for  H— namely,  ox,  and  ov," — we  get  the  still 
larger  loop  a,r,a,r^tiy 


Ml 


294 


Electricity  in  the  Ssny/CE  of  A/a. v. 


Moreover,  it  can  be  easilv   shown    that  hvsteresis   makes   itself  felt    in 
all    changes    of    tiie    magnetising    forte,    and    that    iiyatcresis    loops    are 
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Flu'.  257. —Hysteresis  Ltwps  for  Diff.frent  Magnetising   Force*;. 

obtained  whenever  H  passes  through  a  complete  cycle  of  values,  especially 
if  these  are  repeated  over  and  over  again.  Thus,  if  H  is  diminished  from 
the  value  o.v,  to  zero,  and  then,  instead  of  being  r  erstd,  is  again  brought 
back  to  the  value  o.r,.  the  values  of  B  will  be  given  by  the  curve  <i,/>r/^(f^ 
in  which  the  upper  half  a^/>r,  is  obtained  when  H  is  decreasing  in  value 
and  the  lower  half  r,gu,  when  H  is  increasing. 
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Energy  lost  through   hysteresis.— T\\c     suhjcLt     ot      Inslcresis     acquires 
great   practical   importance  from  the  tact  that  the  cxisfjnce  of  this  maR- 
netic   lagging   leads   to   a   degradation    and    loss    of    energy    whenever    a 
piece   of  material   is   subjected   to   cycles   of  magnetisation  ;    this    ciicrny, 
whatever  the  details  of  the  molecular  process  may  be,  eventually  appears 
as   heat   in   the   material.     It   can   be   shown   mathematically    that   when- 
ever  the   material   is   carried    round    a    complete   cycle   of    magnetisation 
energy  is  dissipated,  and  that  the  amount  of  energ>-  so  dissipated  per  unit 
volume    is   measured   by   the   area  of  the  hysteresis  loop.     If  we  use  the 
C.  G.  S.  system  of  units,  and   the  scales  for  B  and  H  are   in  the  absolute 
units   of  the   system,   then   the   area  of  the  loop   is   the  number  of  ergs 
of  energy  lost  per  cycle  per  cubic   centimetre   of  material.     The  fact  that 
energy   is   used    "p   when    iron    is    passed    through    successive    magnetic 
cycles     is    the     principle     upon      which     Professor      Ewing     bases     his 
"Hysteresis    Meter,"    which     will    be    described     in     the    later    section, 
and   by   which   tlie   hysteresis   loss   in   different   specimens  of    sheet    iron 
can  be  rapidly  compared.     In  modern  electrical  engineering  large  masses 
of  iron   are   subjected    to    these  cyclic  changes,   as,    for   instance,   in    the 
armatures   of  dynamos   and   the   cores   of  transformers  or  induction  coils. 
As  the   nu.  bei    of  cycles  ^30  to    100  or  more)  per  second  is  high,  and 
the  number  of  cubic  centimetres  of  material  large,  the  amount  of  energy 
dissipated    per    second   as   measured   in   watts   (10'   ergs   pe"-   second)  be- 
comes  sometimes   serious.  . 

But  it  is  important  to  note  that  whatever  the  mass  of  the  material 
and  the  frequency  (or  number  of  cycles  per  second),  the  loss  by  hysteresis 
is  directlv  proportional  to  the  area  of  the  hysteresis  loop  for  the  particular 
cycle  used.  Hence  the  necessity,  in  the  above  and  similar  cases  of 
selecting  material  whose  loops  have  the  smallest  attainable  area.  The 
practical  significance  of  the  difference  between  the  loops  .\  a'  and  B  b  in 
Fig    2:9,  to  which  we  shall  refer  later,  becomes  evident. 

The  chief,  though  not  the  only,  factor  which  determines  the  area  of 
the  hysteresis  loop  is  its  width  where  it  crosses  the  line  xo  x' (Fig.  i.") ; 
and  this,  we  shall  presently  see.  measures  the  value  of  the  coercive  force  of 
the  material.  It  may  therefore  be  interesting  to  notice  the  values  col- 
lected in  the  following  table,  of  the  oKrcive  hrce  in  different  materials  •.— 


Wrought  iron  (annealed) 

„  „    (hardened)      ... 

Mild  cast  steel  (annealed)     ... 

„       „       „     (hardened)     ... 

Grey  cast  iron  

Steel  (annealed)         

„     {gl.iss  hard)       

Nickel  (soft) 

„      (hardened)      

Cobalt  (I  per  cent,  iron)  aniiealeil 


18 

4'a 

90 

S90 

15-0 

22'0 
400 

75 

ig'O 

7  5 


20b 
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But  further,  on  reference  to  Fig.  js;,  it  will  be  noticed  that  the  area  of 
the  loop  also  depends  on  the  maximum  value  of  the  magnetic  flux  B. 
An  empirical  hiiv,  known  as  Stciitmctz's  lau',  from  the  name  of  its  dis- 
coverer, connt"  ts  the  loop  area  or  the  energy  \v  wasted  per  unit  volume 
per  c>clc  with  the  value  of  the  maximum  flux.  This  connection  is 
given  bv  the  equation 

w  =  r  B' '. 
where   c   is  a    multiplier  depending   on   the   material   and    known   as   the 
co-efhcknt  of  hvstercsis.     If  the  C.  G.  S.  system  be  used,  that  is,  if    •  be  the 
ergs  wasted  per  cvcle  per  cubic  centimetre  of  material,   the  following  are 
somp  values  of  c  in  different  cases  : — 

Annealcil  wrought  iron  ...  ...         ...     00020^ 

Annealeii  mild  steel       ocx326. 

Annealed  steel ocx)6oo 

Tempered  iteel 00095^ 

(Irey  cast  iron     ...         ...         ...         ...         ...     00183 

Manj;anese  steel  O'0596 

Tungsten  steel 0-0578 

The  actual  values  of  the  energy  wasted  by  hysteresis  in  typical  cases 
will  be  referred  to  again  later. 

Any   change  in  the  condiivnis  or  circumstances   of  the  material  tested 

usually  affects  the  hys- 
teresis loop.  We  shall 
presently  see  (Fig.  250) 
that  hardening  increases 
the  hysteresis  area  and 
diminishes  the  perme- 
ability. This  is  true  by 
whatever     method     the 

,        hardening     is     effected. 

'^'°^-  If  the  material  be  loaded 
in  any  w.iy  so  as  to  be 
put  in  a  state  of  me- 
chanical strain  the  usual  effect  is  to  diminish  the  permeability  and  increase 
the  hysteresis  area.  The  effects  of  vibration  are  in  the  opposite  direction — 
namely,  to  diminish  the  hysteresis  ;  it  '.'  ould  appear  as  if  the  shaking  of 
the  molecules  enabled  them  more  readily  to  respond  to  the  requirements 
of  the  changing  magnetising  forces.  The  effects  of  a  rise  of  temptratttrt 
are  also  to  diminish  the  hysteresis  loss,  as  might  be  expected  from  the 
results  for  vibrations.  This  effect  is  shown  graphically  in  the  curve  in 
Fig.  2:K,  which  gives  the  numerical  results  of  Dr.  Morris's  experiments 
on  the  energy  lost  through  hysteresis  by  the  specimen  which  is  again  referred 
to  in  Figs.  266  and  207.  It  will  be  noticed  that  the  loss  per  cycle  per  cubic 
centimetre  diminishes  continuously,  though  somewhat  irregularly,  from  o' 
to  780'  C,  and  vanishes  at  the  latter,  i.e.  the  critical,  temperature. 


^0"  600 
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Pij:.  r^f'.  —  Efltcts  of  Temperature  on  Low  of  Energy  by  Hj-^teresis. 
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The  hysteresis  effects  so  far  ciin>iilcrcil  lUpciul  inily  <'n  tlit-  ch.uiKei 
in  the  niagneti>iiiK  field  and  are  not  dependeiii  "n  time.  'I'hiie  i>.  how- 
ever, a  lag  whicti  requires  lime  to  develop,  lul  i^  tlierelore  not  >o 
perceptible  in  rapiil  cycles  as  under  steady  forces.  Sl.irtiuK  with  deniagneli-ed 
material,  let  H  be  suddenly  put  on,  the  value  chosen  being  not  too  high. 
B  at  once  takes  up  a  definite  corresponding  v.due  as  given  on  the  curves 
already  discussed.  But  if  H  be  kept  on  steadily  at  the  above  \.ilue  it 
will  be  found  that  B  gradually  creeps  up  as  time  goes  on  until,  in  certain 
cases  and  for  low  magnetisations,  the  percent.ige  increase  become^  large. 
Thus,  in  some  experiments  of  Ewing's.  the  permeability,  as  me.i-urcd  by 
the  instantaneous  effect,  was  127.  but,  the  magnetising  force  being  kept 
on  steadily,  this  had  grown  to  210  si.xty  seconds  later.  The  material 
gradually  yields  to  the  magnetic  stress,  nnich  as  a  viscous  body  would  to 
a  steadily  applied  force,  and  therefore  the  naine  of  ri.sciis  /nW,if\is  has 
been  used  to  denote  this  time-lag. 

Residual  Magnetisation,  Retentivity  and  Saturation.—  ihe  mag- 

netisation  curves  (Fig.  252)  and  the  hysteresis  curves  gi\e  numeric.il 
expression  to  some  of  the  magnetic  properties  of  iron  and  steel,  first 
observed  by  Gilbert,  and  referred  to  in  the  introductory  chapters  (pp. 
2  to  4).  Taking  any  set  of  hysteresis  loops,  such  as  those  shown 
in  Fig.  2^-,  the  points  r„  r„  r,,  etc.,  where  the  curves  cross  the  axes 
Y  y'  on  the  descending  side,  indicate  the  ilues,  ur„  ur„  or,,  of  B 
when  H  =  o.  These  ordinates,  therefore,  are  proportional  to  the 
resuiiKil  magnetisatinn  which  remains  in  the  sjiecinien  uiulcr  tc>t  when 
the  corresponding  maximum  magnetising  forces  are  suppressed,  .uul  may 
be  more  briefly  referred  to  as  the  rcmaiunce  of  the  materi.il  mukr  each 
of  the    several   conditions. 

Thei:  again,  the  negative  abscissa  or'  represents  the  negative  m.jg- 
netising  force  that  must  be  applied  to  shake  out  or  remove  this  residual 
magnetisation.  It  may  be  ref,arded  as  being  needed  to  neutralise  the 
positive  retentivity  or  cocrrivc  furce  with  which  the  m,iteriai  itself,  what- 
ever mav  be  the  cause,  holds  in  a  part  of  the  magnetisation  impressed 
upon  it  by  the  external  magnetising  force.  In  fact,  oc'  is  a  ine.mire, 
in  definite  magnetic  units,  of  the  property  of  the  material  vaguely 
referred  to  as  coercive  or  coercitive  force  from  .111  early  period  in  the 
development   of  the   science  of  magnetism. 

Another  long-established  property  of  magnetic  material,  namely,  s,ilu- 
ration,  is  graphicallv  depicted  in  the  magnetisation  curves  of  Fig.  2--2. 
The  very  gradual  slopj  of  the  upper  part  of  the  wrought  iron  curve 
shows  this  best.  It  is  evident  that,  as  the  magnetising  force  appro.iches 
the  higher  v.dues,  the  material  responds  with  less  and  less  readiness  to 
the  successive  increases.  In  short,  it  is  approaching  a  state  in  which  it 
is  conceivable  that  large  increases  in  H  would  have  no  tilect  on  B. 
In    such    a   state   the    material    may   be    said    to   be    satiirateti,    and    this 
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mm  also  was  employed  early  in  the  science.  As  indicating  what  .»  meant 
we  may  note  *ome  of  the  higher  values  o.  B  whid.  have  been  observed 
by  various  experimenters.  For  charcoal  sheet  iron.  Bosanque  has  obtamed 
the  value  B  =  29.388,  whilst  Ewing  with  a  specimen  ot  Low  McK.r 
(wrought)  iron  first  obtained  the  value  B  =  31,500,  and  afterwards,  by 
using  veo-  special  appliances,  which  enabled  him  to  push  the  value  of 
H  UP  to  24  ?oo,  he  obtained  with  this  enormous  m.ignctising  force  a 
"alue  of  B  =  ;^,350.  It  wiU  be  noticed  that  with  the  material  so 
xalue   01   D         4i,J3  j^.^|^jy  saturated,  the  value  of  the 

permeability  (ft)  has  fallen  to  185 

(=   4y.3?o_\       For  cobalt  the 

V     24,500  /■ 

highest  value  of  B  on  record  is 
about  23,300,  whilst  for  nickel 
wire   it   is   only   about    19,200. 

The  values  of  the  retentivity 
and   the   coercive   force    referred 
to    in    the    last    paragraph    vary 
widely    in    d;r'"'rer.'    samples    of 
iron  and  steel.    These  differences 
are  shown  graphically  in  Fig.  259, 
which  gives  the  hysteresis  loops, 
all  drawn  tt>  the  same  scale,  for 
four    different    materials.       The 
loop   A  a'   was   obtained   from    a 
sr  cimen  of  anne.iled  cast  steel, 
^   material  which  is  now  largely 
used  in  the  construction  of  large 
electro  -  magnets,    especially     lor 
dynamo  machines.     The  loop  is 
narrow,  with  a  low  value  of  the 
coercive   force.     The   ne.xt   loop 
bb'  for  another  specimen   of  the 
same  material  shows  the  effects 
of  hardening.     Tl.e  ma.x.mum   value  of  B  is  reduced  and  the  loop  con- 
siderably widened,  the   value   of  the   coercive  force  bemg   nearly  trebled, 
[n   the   next  loop  cC,  for  cast  iron,  the   saturation  value   is  again  lower, 
but   the   loop   is  not   so   wide   as   the   preceding.       The   last   loop   dd    is 
interesting   from   the   fact    that    it   is   for    lodestone  or  magnetic  iron  ore 
which  is  an  oxide  of  iron  (Fe,©,),  and  not  the  metal  .tselt.     The  highest 

value  of  B  shown  is  about  3,;oo-  •'«*  ^S^»''  '''■'''  '^''^f"  '"'"  '^^  '^^  / 
and  the  coercive  force  has  about  the  same  value  as  in  the  cast  iron  loop  cc . 
In  view  of  the  part  the  lodestone  played  in  the  early  history  of  the  science, 
the  numerical  comparison  is  curious  and  suggestive. 


1  11!.  ;5.j— Hysteresis  Loops  for  Variout  Kinds  of  Iron. 
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The  fjeneral  numerical  relations  of  the  ijuantitie*  for  the  highest 
ma^^uetisiug  forces  used  are  shuwu  in  tlie  following  table,  which  ha» 
been   drawn    up   from    the  curves. 


M^tCTUl 

Maximum 
Korce. 

Pernieabttily. 

Moglieli^: 
lllJiK  ti.xi. 

• 

Rvmancnc*. 

FtrLrnta^e 
K«maiwni.c. 

Rctcniiniy. 

Cut  steel,  annealed 
Cast  steel,  hnrdened 

Cut  iron         

Magnetic  iron  ore      ... 

108 
■  12 

96 

lie 

150 

■  21 

>o6 
i' 

16,200 

13,600 

■  0,150 

3.500 

9. 500 

8,100 

3.500 

600 

586 

59  5 
34  5 
171 

9 
29 
'5 

3  •* 

\^<xCuea  of  H. 

K14;.  :fi).  — Reiidual  Mignetiiatioo  »nd  Coereivt  Fore*. 

It  Will  be  observed  tl  ihc  annealed  cast  steel,  though  retaining  as 
much  as  :S-6  per  cent,  of  its  magnetisation  under  induction,  only  re- 
tains it  with  a  retcntivity  or  coercive  force  of  q,  whilst  the  hardened 
cast  steel  holds  its  595  per  cent,  of  residual  magnetisation  with  a 
coercive  force  of  20.  or  more  than  three  times  as  great.  In  regard  to 
the  magnetic  iron  ore,  not  only  is  the  permeability  low,  but  so  also 
are   the    percentage    magnetisation    retained    and    the   retentivity. 

The  relation  between  thj  residual  and  the  total  magnetisation 
uiduced  with  different  iiiaj;nctiiing  forces  i?  shown  in  Fig.  260,  which  has 
been  drawn  from  some  experiments  on  a  very  good  magnetic  sample 
of    wrought   iron.      The   upper   curve    bb  gives   the   total    magnetisation 
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(B)  for  the  different  values  of  H,  and  the  lower  cur\e  hn  show*  the 
residual  magnetisation  or  remanente.  In  this  specimen  the  permeability 
rises  to  2,4CX),  and  over  So  per  cent,  of  the  maf;netis»tion  remains.  The 
retcntivity,  r8,  is,  however,  very  low,  as  might  ^e  e.x|H.cted  from  the 
imall  magnetising  forces  required.  The  values  of  the  retentivity  'orre- 
sponding  to  the  different  remanences  arc  »hown  m  the  short  curve 
<</)  on  the  Ictt. 

v.— MAGNKTIC    rKOPEKTIF.S    UK    VAKIOIS    MATEKI.M  S. 

Although  iron  in  many  o*"  its  various  forms  \i,  par  fxcfllfiHc  //;?  magnetic 
material,  it  is  not  the  only  material  which  has  an  appreciable  permeability 

ffioo- 


[  ig.  ;6i.— Hvstertiii  LooE4  of  Cobalt  and  Nickel 
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wheri  placed  in    a   majjinti*.   licKI.      Nitkcl  aiiil  >."iliaU.  iwn   iiiftal^  relatci' 

closely    to   each    other  and  \tisi  closely  to  iron,   exhibit    tint  met    ina^'ictiC 

properties,  the    latter    having  a^  \\\v,\\  a  permeability  as  many  s.imples    of 

ca>t     iron.       They    also    exhibit    various    kinds    ot    liystcrcsis,   and    ihei. 

magnetic  properties  are  at-         B 

fectcd  by  changes  of  tein-    ^'*°*^i  '"     T"-'!"":      T"!      1      I      \      I      ^      I 

perature. 

In  Fig.  Jbi  we  nive 
hysteresis  loops  tor  these 
two  metals,  the  one  tor 
cobalt  beini;  plotted  tnmi 
results  obtained  by 
Dr.  F"lcniing,  ami  that  for 
nickel  from  experiments 
bv  Professor  P^wiiis;.  The 
satnple  of  cobalt  u^ed  by 
Dr.  Fleming  and  his  co- 
experimenters  was  not 
quite  pure,  tor  it  con- 
tained about  I  per  cent,  of 
iron,  and  it  is  impossible  '^■Ooo 
to  say  what  eftect  this  im- 
purity had  on  the  curve. 
In  both  c.ise>  the  metal 
was  carefully  annealed. 

Du  Bois  has  experi- 
mented upon  the  beha- 
viour of  soft  wrought  iron, 
nickel,  and  cobalt  in  very 
strong  magnetising  fields 
and  from  his  experiments 
the  curves  of  Fig.  2h2  have 
been  plotted.  These  curves 
show  very  graphically  the 
relative  magnetic  position 
of  good  magnetic  speci- 
mens of  the  three  metaN. 
The  specimen  of  nickel 
contained  QO  per  cent,  of  the  metal,  but  the  specimen  of  cobalt  was 
not  so  pure,  as  it  contained  nearly  b  per  cent,  of  nickel  and  nearly 
I   per  cent,  of  iron. 

Diamagnetism.  —  Pitntm<te'icti''  and  ni.u'visiftir  Bf'ili-:s.  —  By 
using  verv  powerful  electro-m.ignets  the  invc>tigalion  can  be  pushed 
in\ich    further,    and    on    careful    txa  nination    it     is    found    that    a    ijreat 
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number  of  bodies  are  affected  by  a  strong  magnetic  field,  although  the 
effects  produced  arc  very  feeble  indeed  when  compared  with  those 
exhibited  by  iron,  nickel  and  cobalt.  Moreover,  the  effects  differ  in  kind 
as  well  as  in  degree.  Some  substances  behave  similarly  to  iron  ;  that 
is,  they  act  so  as  to  increase  the  number  of  lines  passing  through  the 
space  they  occupy  as  compared  with  the  number  passing  through  empty 
space.  Such  substances  are  called  paramafpictic :  their  permeability  is 
greater  than  unity.  Others  act  oppositely  and  diminish  the  number  of 
lines  passing   through   the   space ;  they  are   called  diamagnctic,   and  have 

a  permeability  less  than  unity. 
The  substances  called  paramag- 
netic are  attracted  by  both  poles 
of  a  magnet,  and  those  called 
dianiagnetic  are  repelled  by  both 
poles.  Faraday,  in  1845,  pointed 
out  that  almost  all  bodies  can  be 
placed  under  one  or  other  of 
these  heads.  To  determine  to 
which  group  most  substances 
belong  very  powerful  magnets 
have  to  be  used.  Fig.  263  shows 
an  apparatus  for  diamagnetic  de- 
terminations. On  the  iron  yoke- 
piece  I-  are  fastened  the  two  coils 
and  cores  N  and  s.  Pieces  of  soft 
iron  are  screwed  to  the  ends, 
and  into  these  pole-pieces  are 
inserted  the  pointed  iron  cylin- 
ders <".  <"„  which  can  be  adjusted 
by  means  of  the  screws  i  5,. 
Objects  to  be  examined  may  be 
either  placed  upon  r,  the  top  of 
which  is  movable,  or  suspended 
from   T.      An    iron    bar    brought 


Fig,  263.— Appanttti  for  Diamagnetic  Experinienti. 


between  the  poles  of  this  instrument  will  set  itself  in  the  line  of  the 
poles ;  or,  as  Faraday  called  it,  axially.  If  bismuth  be  taken  instead 
of  iron,  it  places  itself  across  the  line  of  the  poles,  or  equatorially,  as 
shown  in  the  figure.  By  similar  experiments  Faraday  compiled  the 
following  list  : 

Paramagnetic :  Iron,  nickel,  cobalt,  platinum,  manganese,  chromium,  etc. 

Diamagnetic:  Bismuth,  antimony,  zinc,  cadmium,  mercury,  platinum, 
silver,  copper,  gold,  arsenic,  uranium,  etc.,  phosphorus,  sulphur,  iodine. 
The  salt«-  and  oxides  were  also  examined,  and  it  was  found  that  com- 
pounds  of    iron,   nickel,  and   cobalt   behaved   paramagnetically,   with    the 
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exception  of  ferrocyanidc  of  potassium,  which  is  diamagnetic.  To  examine 
liquids  more  readily,  Plucker  made  the  tops  of  his  tna<;iiet  poles  tlat, 
and  placed  upon  them,  so  as  to  bridge  the  polar  gap,  watch  gli'^ses 
holding   the   liquids.     The  paramagnetic   fluids   assumed   the   form   shown 


Fig.  264.— Paramagnetic  liquid 


In;.  2O5  — Diamapietic  liquid. 
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in    Fig.  :r,4  ;   the  diamapnctic  fluids,  the  form  in  Fig.  265.      \\. iter  prove 
to   be   strongly   diamagnetic. 

It  is  a  peculiar  phenomenon,  but  one  which  might  be  exjucted 
when  our  attention  has  been  directed  to  the  important  part  played  by 
the  medium,  that  magnetic  bodies  appear  to  change  their  character  wht-n 
the  surrounding  medium  is  altered.  For  instance,  par.uiiagiietic  bodies 
surrounded  by  a  more  paramagnetic  medium  behave  dianiaguetically ; 
and  diamagnetic  bodies  surrounded  by  a  more  diatn.isnctic  medium 
behave  paramagnetically. 

(Jases  and  vapours  were  also  examined.  Faraday  made  gases  mixed 
with  a  little  HCl  rise  between  the  poles  of  the  electro-magnet  ;  tubes 
holding  various  gases  set  themselves  either  axially  or  equatorially.  (lases 
were  also  enclosed  in  soap  bubbles  and  thin  glass  globes.  In  air  most 
gases  proved  to  be  diamagnetic  ;  oxygen.*  however,  was  paramagnetic. 
Oxygen  enclosed  in  a  thin  glass  globe  is  strongly  attracted,  liydrogen 
strongly  repelled.  Flames,  too.  are  influenced.  Weber  constructed  an 
instrument,  the  diamagnetometer,  by  means  of  which  he  measured  the 
magnetic  moment  of  bismuth  ;  and  he  found  it  to  be  i.sn'.i.OTot'i  P-i''t 
of  that   of  a   piece   of  iron   of  the    same   size. 

The  behaviour  of  the  various  solids  when  immersed  in  different  media 
may  be  explained  by  considering  the  relative  permeabilities  of  the  body 
and  the  medium,  and  assuming  that  if  the  solid  be  free  to  move  it  will 
set  itself  so  that  the  reluctance  of  the  magnetic  current  is  a  minimum. 
For  the  truth  of  this  assumption  there  is  strong  experimental  evi;lcnce. 
Thus  a  bar  of  iron  placed  between  the  poles  of  a  ni.ignet  will  tend  to  span 
the  gap  and  to  set  itself  axially  so  as  to  offer  tlie  path  of  least  reluctance 
to  the  magnetic  lines  of  force.  Diamagnetic  bismuth,  however,  with  a 
permeability  less  than  that  of  air  will,  for  a  similar  reason,  set  equatorially, 
because  in  this  position  the  path  provided  for  the  magnetic  flux  has  less 
reluctance  than  if  the  bar  of  bismuth  were  set  on  the  line  of  the  poles, 
where  it  would  displace  the  more  permeable  air  in  the  densest  part  of 
the  field  where  low  reluctance  is  of  the  most  importance. 

•  I'roft^s.r    Dewar,    in    189*,   very   strikingly   showed    that    liquid    oxygen   is   itiongly 
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Similarly,  if  .i  diamagiietic  body  be  placed  in  a  diamignctic  medium, 
the  position  it  will  take  up  will  necessarily  depend  upon  which  of  the 
two  is  most  diamagiietic,  i.e.  has  least  permeability.  If  the  medium  be 
the  more  diamagiietic,  then  the  boily  will  behave  para..iagnetically,  and 
similarly  to,  but  much  more  feebly  than,  a  piece  of  iron  of  the  same  size 
and  >hape.  But  if  the  body  be  the  more  diamagiietic,  then  it  will  behave 
di.imagiielically,  in  accordance  with  the  conditions  for  least  reluctance. 
The  polar  properties  apparently  developed  need  scarcely  be  considered. 

Spheres  made  of  magnetic  substances  assiime  no  distinct  position 
between  the  poles  of  a  magnet,  as  their  ma-s  is  regularly  distributed  in 
all  directions  ;  if,  however,  balls  be  made  of  certain  crystals,  they  will 
arrange  themselves  with  their  optic  axes  either  a.xi  ly  or  equatorially. 
Faradav,  who  attributes  this  phenomenon  to  a  peculiarity  which  the 
crvstals  possess,  calls  it  magnccrystallic  force,  but  it  may  be  explained  by 
assuming  difTerent  permeabilities  along  .md  across  the  optic  a.\is. 

VI. — EFFECTS    OK    TEMl'EKATL'KE. 

Tlie  effects  of  temperature  on  the  magnetic  properties  of  the  three 
magnetic  metals,  iron,  nickel,  and  cobalt,  are  remarkable.  When  heated 
each  of  them  eventually  becomes  iioniiiagnetic  for  all  practical  purposes, 
but  the  temperature  at  which  this  occurs  is  dilferent  in  each  case. 
For  ir  >n  the  temperature  is  about  780°  C,  which  is  a  bright  re.l  heat, 
and  sufficiently  high  to  make  it  ditticult  to  arrange  for  accurate  measure- 
ments of  the  temperature  and  the  magnetic  effects.  The  subject  has  been 
studied  experimentally  by  Kohlruusch  (1S87),  Hopkinson  (iSSo),  Le  Chatelier 
(1891),  Morris  (i*<'i7),  and  others. 

Dr.  -Morris,  in  his  experiments,  used  strips  of  the  best  charcoal  iron, 
exceptionally  pure,  wound  to  form  an  iron  ring  ;  in  this  ring  was  em- 
bedded  a  platinum  wire,  by  the  changes  in  the  resistance  of  which 
the  temperature  of  the  ring  could  be  conveniently  measured.  The 
ring  was  then  over-wound  with  three  platinum  wire  coils :  ((/)  a  coil 
whicli  was  to  serve  as  a  viagiictisini^  coil,  (h)  a  coil  outside  the  la.-t 
to  serve  as  a  heating  coil,  by  having  a  ufficiently  large  current  passed 
through  it,  and  (r)  a  coil  to  act  as  a  scirch  coil  for  measuring  B  {set 
pa<Te  2H;).  The  wires  of  the  coils  were  carefully  covered  with  asbestos 
paper  to  insulate  them,  and  the  same  material  with  mica  in  addition 
was  used  to  insulate  the  windings  and  coils  from  one  another.  In  this 
wav  insulation  was  obtained  capable  of  resisting  the  high  temperatures 
at    which   ordinary   insulating    materials    would    have    been    charred    and 

ruined. 

The  results  of  some  of  the  experiments  are  given  in  Fig.  266  as  a 
series   of  curves,    in    ssliich    the    temperature   is   plotted    liorizontally,   and 

the  corrcspoiuling  permeability  f  (=  tt!  '*  plotted  vertically.     Each  curve 
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is  for  a  definite  value  "f  the  m.ij;nctisinj;  fonc  H,  tliis  value  beinj; 
luarkeJ  on  tlio  curve.  The  tiigli  value  ot  the  pcriiKahility  at  tempera- 
tures just  bcluw  tiie  ^^^ 
critical  mie,  at  which 
tile  magnetic  properties 
so  mysteriously  disappear, 
is  very  remarkable  lor 
some  values  ot  the  mag- 
netising torce.  Thus,  tor 
H  =  01 53  at  a  tem- 
perature of  7645,  the 
permeability  /i  =  i2,b(io, 
but  at  20'  higher  is  less 
than  100.  Though  thus 
reduced  almost  to  the 
vanishing  point  as  com- 
pared with  its  imme- 
diately preceding  vahic-i, 
and  so  much  so  that  it 
cannot  be  shown  on  the 
scale  of  Fig.  26'',  the 
penneability  is  still  mea- 
surable. Its  vaUie  lor 
temperatures  higher  than 
the  critical  one  is  shown 
on  a  much  larger  scale 
in  F"ig.  207,  in  which  the 
common    curve    lor    all 

values  of  H  is  continued  from  800°  to   1,200'  C.      For  another  annealing  at 
840"  the  values  of  ^  above  that  temperature  were  zero.     The  results  are 
^«a/l/l  ''"^  ^  specimen  carefully  an- 

nealed   at    1,150"  C.    'The 
curves  show  how  very  com- 
plicated the  phenomena  are, 
and     how     dependent      the 
value   of    /I   is   on    both    H 
and    the     temperature.       It 
also  depends  on  the  phvsical 
state    of    the    iron,    for    the 
curves   for    the   same   speci- 
men   annealed    at    840°    C. 
instead  of  1,150' C  are  dis- 
tinctly difTerent,    although    the   general   effect  is  the  same.     The  attempt 
to  evolve  order  out  of  sucli  apparent  chaos  would  appear  to  be  hopeless. 
80 
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Recalescrnce. — The  temperature  above  which  iron  practically  loses  its 
magnetic  properties,  sometimes  referreil  to  as  the  ciilical  temfienUure,  is  one 
at  which  profound  molecular  changes  take  place  in  the  material.  The  mag- 
netic properties  are  not  the  only  ones  aflected,  lor  the  electric  resistance 
changes  more  rapidly  than  usual  about  this  temperature,  and  the  thermo- 
electric properties  are  considerably  modified.  The  most  striking  phenomenon 
of  all,  howe%-er,  is  that  known  as  rccalcscence,  which  can  be  readily  and  simply 
observed  by  watching  a  sheet  of  white  hot  iron  cool  in  a  darkened  room.  At 
a  certain  moment,  the  cooling  iron  suddenly  brightens  up  again,  and  after- 
wards cools  down  gradually  to  blackness  in  the  usual  way.  The  temperature 
at  which  the  brightening  occurs  is  known  as  the  temperature  iif  recalescencfy 
or  re-Jieatiiiff,  and  the  sudden  brightening  indicates  that,  owing  to  sotne 
molecular  change,  sufTicient  energy  has  suddenly  been  set  free  in  the 
cooling  iron  to  raise  the  temperature  temporal  ily,  notwithstanding  the  tact 
that  heat  energy  is  being  rapidly  lost  by  radiation  all  the  time.  The 
interesting  point  is  that  before  recalescence  the  iron  was  non-magnetic, 
and  that  afterwards  it  has  become  magnetic.  It  is  very  suggestive  that  in 
the  magnetic  state  the  material  appeals  to  have  less  molecular  intrinsic 
energy  than  when  it  is  non-magnetic  but  at  the  same  temperature. 

The  hardening  of  steel  by  tempering  is  a  well-known  industrial  process, 
and  great  skill  arid  experience  are  exhibited  in  choosing  the  e.xact  temperature 
at  which  to  "  quench  "  the  heated  metal  in  order  to  procure  the  right  effect. 
Quite  recently  't  has  been  discovered  that  the  temperature  of  recalescence  is 
for  many  purposes  the  best  temperature  for  quenching,  and  this  is  not  sur- 
prising in  view  of  the  molecular  changes  at  this  temperature  referred  to 
above.  To  ascertain  when  the  temperature  is  reached  in  the  process  of 
cooling  a  "  magnetic  gauge "  has  been  in%ented. 

VII, — CHANGE   OK   LENGTH   OV   MAGNETISM. 

In  1837  Page  observed  that  when  a  piece  of  iron  was  magnetised  by  an 
electric  current  in  its  neighbourhood,  a  sound  was  emitted  by  the  iron  on 
the  current  being  turned  on  or  off.  These  sounds,  which  in  the  hands  of 
Reis  in  1861  led  to  the  invention  of  a  telephone  receiver,  are  evidently  due 
to  molecular  disturbances,  and  were  shown  by  Joule  in  1847  to  be  accom- 
panied by  a  distinct  lengthening  of  the  magnetise!  rod  by  about  msVooth 
part  of  its  original  length.  The  sounds  and  the  changes  of  length,  especially 
the  latttr,  have  been  experimentally  examined  since  Joule's  time  by  Pog- 
gendorff.  Tyndall,  Alfred  Mayer  (1S74),  Barrett  (18^2),  Shelford  Bidwell 
(1885),  Nagaoka  (1894),  Shaw  and  Laws  (1901),  and  others.  Exact  informa- 
tion regarding  them  is  of  great  theoretical  interest,  as  tending  to  throw 
light  upon  the  behaviour  of  the  molecules  of  magnetic  materials  when  under 
the  influence  of  magnetising  forces.  The  actual  changes,  however,  are  so 
minute  that  it  is  only  by  making  use  of  the  most  refined  methods  known 
to  modern  science  that  reliable  numerical  data  can  be  obtained. 
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The  apparatus  used  by  Ridwcll  is  slmwii  in  Fig.  l^>^.  The  md  r 
of  iron  experimented  upon  was  10  cm.  Idujj  ;uul  was  ma«iii.lised  by 
the  coil  D.  The  lower  end  of  tiie  rod  rested  on  the  movable  fl.ip  K, 
and  its  exact  vertical  position  could  be  adjusted  by  the  tine-threaded 
screw  S.  The  upper  end  of  the  rod  supportetl  at  B  a  lever  whose 
fulcrum  was  at  a  ;  the  far  end  of  the  lever  engaged  with  a  short 
arm  c  fixed  to  the  back  of  the  mirror  m.  A  beam  of  light  Iroiu  L 
being  thrown  on  to  the  mirror  and  reilected  on  to  a  fixed  scale  E,  .my 
movement  of  the  mirror  could  be  detected  and  measured  by  reading  the 
position  of  the  reflected   spot   on   the   scale.     If  now   the   Icngtl-.  of  the 


Fig.  268.  — Bidwell's  Apparatus. 


rod  R  is  slightly  altered  when  the  current  passes  through  ihe  coil  D, 
the  extent  of  the  alteration,  whether  an  extension  or  a  retraction,  will 
cause  an  enormously  magnified  movement  of  the  spot  of  iij^ht  on  the 
scale  K.  The  scale  used  was  divided  into  j'oths  of  an  inch,  and  one 
division  of  the  scale  corresponded  to  a  change  of  length  of  the  rod  r 
of  0'00004i    of  a   centimetre. 

Very  numerous  experiments  were  made  with  this  apparatus,  the  rods 
being  sometimes  replaced  by  rings.  The  general  results  fi^  the  three 
magnetic   metals,  iron,  cobalt   and   nickel,   are    well    shown  Fig.   260, 

which  is  copied  from  Bidwell's  paper  in  the  Philosophical  Tninsiictions  for 
1888.  The  magnetising  force,  which  was  carried  to  very  high  values, 
is  plotted  horizontally,  and  thi;  elongations  and  contractions  vertically, 
the  former  above  the  line  ox  aid  the  latter  below  that  line.  The  unit 
of  change  of  length  used  is  one  ten-millionth  (r6.Wr,.T5,,ts)  of  the  whole 
length.  In  the  particular  specimen  of  iron  used  there  was  'observed  for 
low  values  of  H  an  elongation  which,  as  H  was  increased,  ise  to  a 
maximum  and  then  diminished,  until  at  H  =  300  there  was  no  change 
of  length.  For  higher  values  of  H  there  was  contraction,  the  amount 
of  which  continuously  increased  10  the  high  :  value  of  H  (=  137?) 
which  was  used.  Cobalt  behaves  m  exactly  the  opp'-rite  w,;.^  to  iron, 
inasmuch   as   it   fir.st   contracts  and   then    elo-.galcs,    tht    max"num   con- 


^^^^^^^R^Si 


■?oS 


El.F.rTHlCITY    m   TIIF.    SeKVICF.    of    /IfAff. 


tn.ction,    nb.-iut  ,,,o',,„ulli  "f  t'T^  length,  (icciirrinK  :U   H    =    3^0,  and  the 
point   where   there    is    neither   eontrai.tion   nor   elcmg.ilioii   being    reached 
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at  H  =  750.  Nickel  differs  from  the  other  two  magnetic  metals  in 
that  it  always  contracts  by  an  amount  which  increases  with  the  increase 
of  H,  somewhat  rapidly  at  first  and  afterwards  more  sl<nvly.  The  change 
of  length  is  also  much  more  considerable  than  with  iron  and  cobalt, 
being   j7,,',,iotli  i>f  tl'<^  length  when  H   =  500,  and  jfJno''i  for  H=  1375. 

Nagaoka.  in  i8g4,  eN'.mined  tlie  eifects  of  cyclic  changes  of  magnetisation 
on  the  length  of  the  body  magnetised,  and  observed  some  very  curious 
and  complicated  hysteresis  eflTects.  Figs.  270  and  271  embody  some  of 
his  results.  The  diagrams  are  4ilotted  in  the  same  manner  as  Fig.  260. 
In  Fig.  270,  which  deals  with  iron,  we  see  tiie  effects  of  varying  H  cyclically 
between  the  limits  +  300  and  —  300.  Starling  from  o  the  iron  at  t'lrst 
elongates  to  27  and  then  shortens  to  9  at  H  =  300.  The  magnetising 
force  H  being  now  diminished  and  then  reversed  until  it  reaches  the 
value  —300,  the  changes  of  length  are  given  by  the  curious  curve  be d (fgk. 
Ag.iin  diminishing  H,  reversing  and  increasing  so  as  to  complete  the  cycle, 
the  curve  follows  the  path  Imnopqrs  to  b.  Successive  cycles  between  the 
same  limits  of  H  give  the  closed  curve  bed efg k I m  n  <i [>  q  r  sb,  the  arrows 
showing  the  direction  in  which  the  curve  is  swept  out. 

Fig.  271  gives  the  curve  for  nickel  between  the  limits  H=  +30  and 
H  =  —30,  the  arrows  giving  the  direction  in  which  the  closed  loops  are 
formed.  As  all  the  changes  are  contractions,  the  curve  is  entirely  below 
the  zero  line  xx'. 
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Mine     rt'Cfiitly    tlu'    suhjcct    lias    been    n^j.iiii     invest i.;.itt'd    by    Messrs 
Shaw  ami  Laws,  who  use    lor  tlic   luagnilication  and   nuaMireinent  t)t  tbt 
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Fa'.  371. —Cyclic  Changes  of  Length  on  Magnetisin;;  Nickel 


lengthening  ot  the  magnetic    material    an    instrument   which  they   call    an 
"Electric  Micrometer."     The  principle   will   be  underblood  from  Fig.  j;;, 
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where  M  r  is  tliu  magnetising  coil  siirrnunding  a  core  of  the  »:;etal  experi- 
iiienteil  upon.  The  lower  end  of  the  experimental  rod  carries  an 
iridio-pl.uinum  pbte  b.  A  contact  bead  a  faces  b,  and  the  gap  a  b  when 
closed  completes  an  electric  circuit,  in  which  a  telephone  is  inserted  which 
gives  notice  to  the  observer  of  the  exact  moment  when  the  circuit  is 
closLcl.  Tlie  contact  bead  a  is  fixed  to  one  arm  of  a  lever  which  is  the 
last  ol  a  series  of  six  levers  numbered  i  to  6  ;  at  the  other  end  of  the 
series  tile  long  arm  of  No.  i  lever  rests  against  the  contact  point  of  a 
micronuter  screw  & ,  the  head  of  which  a  is  divided  in  the  usual  manner. 
As  the  screw  is  turned  so  as  to  raise  the  left-hand  arm  of  lever  No.  I  the 
bead  a  rises,  and  the  ratio  between  the  movement  of  Sc  and  the  move- 
ment of  a  can  be  determined.  The  method  of  using  the  instrument  is 
to  take  readings  of  the  position  of  a  at  which  the  circuit  of  the  telephone 
is  closed  before  and  after  the  magnetising  current  is  turned  on.  The 
difference  between  the  two  positions  will  measure  the  elongation  or  re- 
traction of  the  core  of  m  c.  It  is  claimed  that  a 
movement  of  the  twentieth  of  the  millionth  of  a 
centimetre  (5  x  io~*  cm.)  can  be  detected. 

Messrs.  Shaw  and  Laws  generally  confirm  the 
results  of  previous  experimenters,  bat  they  consider 

they  have  detected 
^l^^_l_^H*M^^M  a  retraction  in  iron 
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pr  .-ceding  the  elon- 
gation at  low  mag- 
netisations. They 
have  also  investigated  the  influence  of  thickness  on  the  amount  of  change 
of  length  in  various  fields. 

In  all  the  experiments  hitherto  recorded  the  experimenters  have  been 
content  to  trace  the  connection  between  the  magnetising  fie'd  H  and  the 
changes  of  length.  A  far  more  interesting  point  for  investigation  is  the 
relation  between  the  magnetic  flux  density  B  and  the  changes  of 
length. 

VIM. — MAGNETIC    PROPERTIES   OF   .\LI.OYS. 

In  the  preceding  pages  the  magnetic  materials  dealt  with  bive  been 
chiefly  the  materials,  iron,  nickel,  and  cobalt,  as  used  under  (hf-se  names 
for  ordinary  purposes  and  therefore  seldom  in  the  state  which  'itific 

chemist  would  describe  as  pure.  The  results  given  must  be  reg.uucd  as 
setting  forth  the  behaviour  of  the  materials  which  one  is  accustomed  to 
deal  with,  as  these  metals,  except  in  those  cases  where  a  definite  specification 
is  given.  For  instance,  ordinary  samples  of  iron  are  contaminated  with 
various  impurities,  either  originally  present  in  the  ore  and  not  removed 
durinf;  the  metallurgical  processes  to  which  the  ore  has  l)een  subjected,  or 
deliberately  introduced  during  those  processes.  The  great  variety  of 
such  samples  which  is  available  for  various  purposes  is  due  partly  to  tke 
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presence  ol  tluM-  mipuritiis  .uid  also,  in  lart.'o  iiuMsuic,  f'>  tin-  lioat  treat- 
im-nt   to  wliuli  tilt'  mitiMial  li.is  Juvii  suhjwtod. 

Tlie  flfot  of  tilt'  ni|>iii.t  f-i  and  of  the  hoat  treatinrtit  upDii  the  me- 
rliinical  pmiKM  tiis  and  structiirt'  (>;  tlio  inafcnal  is  a  sut>i<'.  t  whu  h  has  l)etni 
very  assi  1(1' iiHly  investigated  of  late  years,  and  a  gn-at  mass  ol  re-ults 
hui  been  aeeuninlated,  detailed  lelereiu  e  to  which  is  outs.de  the  prov.iicc 
of  this  book.  llMt  the  maf,'netu-  properties  .ire  profoundly  affected  is 
evident  troin  the  pieieiling  i>ages,  more  espeiiaily  m  the  steels,  whuli 
differ  from  iron  ehietly  by  the  presence  of  small  quantities  of  .aibon.  It 
is  not  surprising,  therefore,  th.it  one  of  the  results  of  alloying  the  m.ignctic 
metals  with  one  another  or  with  non-magnetic  metals  should  be  a  modifica- 
tion of  the  magnetic  i)roi)erties  of  penneability,  hysteresis,  etc.  What, 
howeycr,  is  surprising  is  the  e.xtent  and  direction  of  the  modilications, 
which  are  such  that  no  working  theory  at  present  available  will  enable 
us  to  predict  them  in  any  given  .  ase  without  having  recourse  to  exiM-ri- 
ment.     \V\'  pnxrecd  to  consider  some  such  cases. 

Nickel-Iron    Alloys.— (>iie   of  most    remarkable    results   of    this 

kind  is  produced  by  alloying  the  two  magnetic  metals,  iron  and  nickel. 
Many  years  ago  now  it  was  found  that  the  vciy  hard  alloy  known  f.5 
nickel-steel,  produced  by  adding  about  25  per  cent,  of  nickel  in  the  process 
of  steel -making,  was  almost  devoid  of  magnetic  permeability,  the  value 
of  which  in  both  strong  and  weak  fields  was  found  to  be  about  1-4  as  against 
the  values  for  various  kinds  of  iron  and  steel  given  in  the  curves  on  i)agc 
289.  Thus  by  adding  one  good  magnetic  metal  to  another  an  alloy  is 
produced  whose  magnetic  proi)ertics  for  all  ordinary  purixjses  are  negligible. 
Other  Iron  Alloys.— As  far  ba(  k  as  1885  it  was  observed  that 
a  specimen  of  steel  containing  15  per  cent,  of  manganese  was  almost 
unmagnetisable,  the  amount  of  magnetisation  developed  in  the  s|)ecinuii 
by  a  large  electro-mai^nct  being  alwut  one  eight-thousandth  part  of  the 
magnetisation  developable  in  good  magnet  steel.  The  manganese  w.is 
added  in  the  form  of  ferro-mangaiiese  to  the  molten  steel  during  manii- 
facturo.  Further  investigations  enabled  Mr.  Hadfield  to  pnxluce  a  man- 
ganese steel  containing  12  per  cent,  of  manganese  and  i  i)er  cent,  of  carbon, 
who.ie  permeability  ranged  between  1-3  and  1-3  in  strong  and  w.'ak  fields, 
puantitative  results  for  a  number  of  alloys  of  iron  are  given  in  the 
curves  shown  in  Fig.  27.5,  which  is  taken  from  a  pai)er  read  in  1902  by 
Professor  Firrett,  Mr.  Hrown,  and  Mr.  Hadfield  before  the  Institution  of 
Electrical  Kngineers,  and  published  in  the  Journal  of  the  Institution.  The 
curves  show  the  jiemieability  of  various  alloys  when  tested  in  a  constant 
field  ha^'ing  the  moderate  intensity  H  ==  8  C.G.s.  units.  The  vertical  ordinates 
give  the  penneability,  v.iiilst  the  !i.)rizontal  ones  indicate  the  ponentagc  ot 
the  added  metal  or  clement,  the  highest  percentage  being  about  31. 
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Takiiii;  <;iil")ii  fii^l,  tlu'  t^u  it  ditfiiciK  e  jirDiIti' cd  l>v  ( oiivi'itiiit,'  iron 
into  sti't'l  by  till'  ;iililitiun  nf  a  sniiill  (]iiaiitiiy  "f  <ail">n  is  ^,'iven  liy  the 
curvi'  (HI  llif  I'Xiiciiif  li'lt  (if  'lie  ti),'ur<'.  marked  "(arl'on."  Tlie  i  uiac 
is  ijiiiy  taken  as  t.ir  as  alMnii   rj  i>i'i  ( out.  of  addtvl  (  iiiinn,  luit  tlu'  n>\\- 
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Pffr-ceni:  of  added  eLemenC. 

Fig,  27>^Kfrccl  on  the  Prnnoahility  of  Irnn  protiiiccd  liy  adding  various  in-  f.ils. 


tinuous  reduction  in  the  j)ermcal>ihty  (/x)  as  tfie  carbon  is  increased  is 
very  marked.  The  difference  in  the  magnetic  propert.es  of  iron  and  steel 
have,  however,  been  fully  dwelt  upon  already. 

Silicon,  on  the  other  hand,  has  the  opposite  effect  of  incroasin.L^  fi,  tfioimh 
the  change  is  not  very  great,  but  it  is  maintained  in  one  of  tlie  curves  up 
to  an  addition  of  55  per  cent,  of  tlie  added  element. 
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riiiiiinL;  ii'iw  til  llir  iiii'i.illi.  .illo\>;.  tile  itiivi-.  Imi  111!  kil  atiil  m.iii- 
tj.ilioso  sliinv  .1  --in. ill  ctl't'.  t  I'll  liiu  juk  liil.iyo  "I  llic  luici^'ti  im  t.il,  hut 
,1  very  f;"'''t  <tf<'rl  lor  a  sm.ill  ailditioii.il  iMivcnt.ii;i' alter  a  icit.im  point 
is  reailii'il  ;  in  lait.  llic  liiu'  ten  im  ki'l  is  at  diic  ]>\mv  iumiIv  vcitical. 
Aftor  this  f^n-at  tall  tlu'  (limimition  jiKMctils  at  a  iii'iie  It'isuiclv  r.i'.e  with 
the  iiuroaso  of  the.  adiU'd  iiu'tai,  ami  at  al^'iit  I.5  |ht  cent,  tli '  value  of  ^ 
sinks  j)iatli  ally  t'>  /i  10  ii»  tlio  <  aso  nf  mancaiK  si ,  Niikcl,  <in  tlio  ntlur 
hand.  riMi  lit'S  a  nuiiinniin  at  aluait  -'45  per  riMit.,  after  wludi  the  value 
.if  ,.  raiudlv  rises.  The  aiMitmn  of  tun^;steii  f^'ives  similar  etfe<  ts.  hut  the 
ehaiii,'es  are  not  so  violent. 

Tlu-  case  of  aluniiiiiuin  is  veiv  remarkable,  iiiasmui  h  as  the  acMitmn 
of  a  small  jienentage  of  this  iinii-magiietir  metal  pio-hi.  es  an  alloy  which 
is  more  iiermcihle  than  the  iron  Irom  whii  h  the  allov  is  made.  Tv.o 
lesnlts  are  shown  in  whiih  the  addition  of  2-25  jier  .ent.  of  the  foreign 
metal  very  markedly  increases  the  penneahility.  In  ueakei  miK'netisiuf,' 
fields  the  result  is  still  more  m.irked.  Tims  with  a  field  H  o'5  C.G.s. 
a  eirtain  sample  of  Swedish  iron  gave  ^  =  2.500,  Inil  when  j-.'5  i>er  rent, 
of  aluminium  was  added  the  value  rose  to  ^  ^=  9,000.  Reyond  2-'5  per 
(ent.,  however,  the  adilition  of  aluminium  leads  to  a  diminution  of  fi  as 
is  shown  in  I'lg.  27,;. 

Space  will  not  allow  the  effects  on  liystcieses  to  be  given  in  detail,  but 
they  are  equally  remarkable,  and  it  m;iy  be  iiuteil  that  silicon  and  aluminium 
alloys  have  been  produced  giving  smaller  h\stercses  losses  than  good 
transformer   iron. 

Alloys  of  Non-Magnetic  Materials.  -As  a  contrast  to  the  unmag- 

netisablc  alloys  consisting  in  great  pari  of  magnetic  materials,  magnet is- 
able  alloys  have  been  more  recently  discovered  made  uj)  entirely  of  metals 
which  in  their  separate  state  are  unmagnctisaV)Ie,  some  of  the  coiistituent; , 
in  fact,  being  diamagnetic  instead  of  jiaramagnetic  (sec  pages  302  and  303). 

The  existence  of  such  alloys  was  distovered  in  1904  by  Heusler,  Starck, 
and  Haupt.  and  since  their  discovery  they  have  attracted  the  attention 
of  many  investigators,  including  Mr.  Hadfi 'Id,  Professor  Fleming,  and 
others.  The  alloys  originally  experimented  upon  consisted  of  manganese, 
aluminium,  and  copper,  none  of  which  aie  paramagnetic  ;  and  in  fields 
varying  from  20  to  150  units  f(jr  H  'he  v<duesof  B  were  found  to  be  from  tx) 
to  5,000  units,  thus  giving  values  of  ft  up  to  over  30,  a  value  sut'ti(  iently 
liigh  for  a  fairly  heavy  spivimen  to  be  supjiorted  by  the  poles  01  a  horse- 
shoe magnet. 

Since  the  above  initial  results  were  published  these  alloys  have  been 
minutely  examined  by  numerous  ex|)eiimenters  in  various  lountries  and 
trom  ditierent  points  oi  view.  They  aie  found  to  possess  most  of  the  usual 
properties  of  magnetic  materials,  su(  h  as  a  magnetisation  curve   bending 
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ovtT  for  till"  IhkIu'i  tliix  (l<-iisit!is.  ,i  |kiiihmIiiIiI\'  c  uivr  nsiii^-  ti>  a  m.ixinniin 
and  tlu'ii  f.illiiif,'  away,  hystt-ivMs,  etc  I'x'Ihk  .iM<>ys,  tlif  vaiyitig  oin- 
jKisitinii  of  (lie  (liffcront  s|>e<  mn'iis  Iwids  tn  ditfiiiiil  iinimm.il  values  of 
the  ina(,'iifti<-  qu;infities,  wliu  h  are  also  atfw  ted  l)y  the  |)iv>cnie  of  other 
metals,  tlie  inthieiue  of  lead  1m  iii^  speeially  marked.  They  .tie  also  nun  h 
iffeeted  l>y  the  Iieat  treatment  they  are  sul)jeete<i  to,  and  under  lertani 
conditions  of  teini)crature  and  jMVvious  heat  treatment  ran  le  obtained 
m  the  non-magnetie  state,  in  which  it  is  worth  notuig  that  their  density 
is  very  different  from  that  whith  tluy  ha%(!   in  tin;  magnetii-  st.itc.    Tfuis 
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FiR   274. — M.icnotis.ition  .iiul  PtrnicalMlity  Cur\es  of  Copper  All  >y. 

a  certain  alloy  which  when  originally  cast  was  strongly  magnetic  (H  ~ 
75,  B  =  11,800,  and  ^1  =  157),  and  had  a  density  of  Otn  after  annealing  at 
950°  C,  was  found  to  he  non-magnetic  and  to  have  a  density  of  only  5'8(). 
It  is  imi)ossil)Ie  to  deal  with  all  the  results  oi.i.nr.ed  in  detail,  but 
the  curves  given  in  Figs.  274  and  275  will  sul'lice  ;o  sii  )w  how  the 
magnetic  properties  resenil)le  those  of  iron.  These  (ni\es  .ire  taken 
from  a  paper  by  Professor  Fieming  aiul  Mi.  H;idr;L-i!  nud  licforu  tiic 
Royal  Society.  Fig.  274  gives  the  magnetisation  and  i)ennc.aiility  curves 
of  a  particular  specimen,   the  former  being  plotted  as  usual  with  values 
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of  H  Ix'rizontal  am!  valui-s  (.;  B  v.'itual.  I.iit  tlic  l.ill.i  bciiiK  |il.iltc.l  sottu- 
what  (lifforontly  from  iisu.il  |)i,i(li.  c,  witii  llio  \-.\\\\v<  «\  ft  li<>ru->nt,i!  .iK-iiiist 
the  values  of  B  vertical.  A  si'i ;  of  hystcrt-sis  loops  lor  the  Mmc 
<i|>ecimen  arc  given  in  Fig.  27?.  and  may  will  be  lomiiaietl  with  similar 
loops  (or  iron  given   in  lig.  2^)-     Finally,   the  dc|KMuleiKe  o'    !      :    esis 


Fiff.  275  — Hv^t(*rc».i<5  Loop*  of  Copprr  Alloy- 


on  flux  density  is  given  in  Fig.  276.  These  curves  show  that  the  connection 
between  the  losses  per  cycle  per  cubic  centimetre  and  the  maximum  flux 
density  follows  a  law  similar  to  Steiiiinctz's  law  for  iron,  which  hai  been 
referred  to  on  page  2a'>.     Expressed  in  symbols,   the  loss  is : 

W  =  r  B' 
where  w  is  the  los=,  B  the  *ius  density,  :!!•,<]  -  and   •.   .ire  rnn'tanti,  whofie 
value  can  be  determined  from  the  curves. 

The  composition  ot  the  particu'  r  allo\    experimenteil  up"ii  was: 
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Tliere  was,  (liorefoie,  only  a  mt  10  trace  of  iron  present. 
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Fig.  2-6.— Hysfcrcsis  looses  in  Cnj'j'cr  AUnys. 

Attenipis  liave  lui-n  made  to  arrmiiit  for  these  lesiilts  liy  sujtposing 
that  a  i)articular  crystalliTie  form  is  essentia]  to  the  niagnetie  state,  and 
tliat  this  form  is  produced  in  tliese  alloys;  Init  as  yet  there  is  little,  if 
any,  evidcnee  to  L;ive  us  a  clue  to  the  correct  explanation. 

IX. — MAGNI'TISM   AND    I  IGHT. 

Connecting  links  between  dilTerent  physical  {/henomcna  arc  always 
interesting,  and  hei|ueml\'  lead  to  important  results  and  theories  regarding 
tlie  nature  of  the  phenomena.  Tluis,  electricity  and  m.ignetism,  at  first 
distinct  sciences,  are  now  known  to  be  intimately  a^sociated.  It  is  there- 
fore not  surprising  that  physicists  should  have  early  attempted  to  find 
some  connection  between  the  phenomena  of  magnetism  and  of  light,  and 
it  is  wortlu-  of   note  that  their  ellurts  have  been  successful. 

There  are  at  least  three  w.iys  in  which  magnetisui  has  an  effect  on  a 
beam  of  Iglit.  The  fust,  discovereil  by  Farad.iy  in  1S4;,  is  the  rotation  of 
a  lieam  of  plane  p"lari-^ed  light  when  traversing  a  transparent  medium  in 
ihe  direction  of  the  liiics  ol   a  iiiaguetic  field.      The  second,  diicovercd  by 
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Kerr  in  1877,  is  again  conccmcil  witli  ])l:mc  pdarisL'd  lii;ht,  whitli  is 
rotated  when  rcHectcil  from  the  p(ili>lKd  jinlc  ot  ,1  m.ii^iict.  I-,i>tlv,  in 
1896,  Zeeman  found  tliat  the  wcll-kiicnvn  n  hue--  ot  tlic  speitruiii  arc  pro- 
foundly modified  ni  appearance  when  llie  lif;iil  |)as>e^  tiirnu^li  a  powerful 
tnagnetic  field. 

The  Faraday  Effect. — A  ray  of  li^lit  is  said  to  he  polarised  when  it 
can  be  reflected  at  the  surface  of  glass  in  one  position,  but  not  in  another  ; 
or  when  it  can  be  transmitted  throujih  a  plate  of  tourmaline  in  one  po:iiion, 
but  not  when  the  plate  is  turned  at  right  angles  to  this  position.  Drdinary 
hght  can  be  reduced  to  this  conditi()n  by  passing  it  through  what  is  called 
a  polarising  apparatus.  A  Nicol  prism  or  a  thin  slice  of  tourmaline  will 
answer  the  purpose.  The  plane  in  which  a  ray  is  polariseil  can  be  detected 
by  observing  it  through 
a  second  polarising  ap- 
paratus (Nicol  prism  or 
tourmaline).  Every 
polariser  is  opaque  to 
rays  polarised  in  a 
plane  at  right  angles 
to  that  plane  in  which 
it  would  itself  polarise 
light.  Hence,  of  two 
such  pieces,  one  polar- 
ises the  light,  and  the 
other  tests  the  light 
and  shows  it  to  be 
polarised.  The  first  is 
called  the  polariser,  the 
second  the  analyser.  The  nature  of  polarised  light  has  been  previously 
referred  to  in  describing  (sec  page  60)  experiments  on  the  clectrostaiic 
strains  in  a  dielectric. 

Faraday  caused  a  polarised  beam  of  light  to  pass  through  a  piect'  of  certain 
"heavy  glass"  lying  in  a  powerfid  magnetic  field  between  the  poles  of  a 
large  electro-magnet,  through  the  coils  of  which  a  current  could  be  sent  at 
pleasure.  Under  these  circumstances  he  found  that  the  pi.iiie  of  pol,iris;ition 
was  rotated  in  a  marked  degree. 

This  rotation  of  the  polarisation  plane  \\\.\\  be  shown  by  means  of 
the  apparatus  represented  in  Fig.  277,  as  arranged  bv  RuhmkorlT.  The 
electro-magnets  N  s  are  placed  horizontally,  with  their  poles  opposite  to  e.ich 
other.  Tlv;  iron  cores  of  the  magnets  are  bored  through  their  whole 
length.  The  iron  voke  which  coiniects  the  two  iron  cores  consists  ot 
three  pieces,  k,  h,  and  k,.  The  two  pieces  k  and  k,,  bent  at  right  angles, 
arc  movable  ^n  the  h->-;>M!5t  1!  jil^ix-  si,  so  .ts  to  alter  the  .li-.titncc  hvtwcn 
the  two  poles.    The  commutator   c   reverses   the   current   at    will      When 
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rotation  of  the  polarisation  plane  is  to  be  observed,  the  polariser  is  placed 
at  w,  in  the  bore  of  the  iron  core  ;  the  inalyscr,  which  carries  a  divided 
circular  scale,  is  placed  at  n^.  The  source  of  light  is  placed  at  L,  and  the 
body  under  examination  upon  /.  The  two  Nicols  (polariser  and  analyser) 
are  then  so  arranged  that  the  field  of  vision  remains  dark  when  the 
magnets  are  unexcited  ;  if  now  contact  is  made,  the  field  of  vision  again 
becomes  bright,  and  the  angle  through  which  the  analyser  has  to  be 
moved  to  produce  darkness  again,  gives  the  amount  of  rotation  of  the 
plane  of  polarisation  by  the  magnet.  The  amount  of  rotation  was 
shown  by  Verdet  to  be  proportional  to  the  st  :  iigth  of  the  field  and  the 


Fig.  278.  —Oblique  Reflection  from  Pole  of  Migntl. 


length  of  the  colunm  of  liquid  or  transparent  medium.  Most  isotropic 
substances  of  high  refractive  power  are  found  to  rotate  the  plane  of  polar- 
isation when  placed  in  the  position  indicated  in  Fig.  277. 

The  Kerr  Effect.— In  1877  Kerr  directed  a  beam  of  plane  polarised 
light  on  to  the  polished  pole  of  a  powerfully  excited  electro-magnet,  and 
found  that  the  plane  of  polarisation  of  the  reflected  light  was  rotated.  The 
arrangemei.t  of  the  apparatus  for  oblique  incidence  of  the  light  is  shown 
in  Fig.  278,  where  the  light  proceeding  from  some  source  l  is  first  passed 
through  the  polarising  prism  p  and  then  reflected  at  the  polished  pole  M 
of  the  magnet.  After  reflection  it  is  examined  by  the  analysing  prism  a. 
To  increase  the  magnetic  effect  at  the  point  where  the  light  strikes,  a 
sub-pole  s  of  soft  iron  is  brought  close  down  to  the  polished  surface  so 
that  the  beam  passes  through  a  narrow  magnetic  gap. 

For  perpendicular  incidence  Kerr  used  a  sub-pole  s  (Fig.  27q).  which 
had   a    hole  a  a  bored    through    it,   and   which   was    kept    from    coming 
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in  contact  with  the  pole  nf  the  magnet  m  by  wooden  distance  pieces. 
The  liglit  from  L  alter  passing  through  the  pulariser  p  was  rcHected 
downwards  from  a  sheet  of  unsilvered  glass  o,  placed  at  an  angle  of 
45°  ;  after  reflection  from  the  polished  jioie  of  the  magntt,  the  part  of 
It   transmitted    through   C   was   examined   by   the   analyser   a. 

The  chief  result  of  these  experiments  is  thus  stated  by  Dr.  Kerr : — 
"  When  plane  polarised  light  is  reflected  regularly  from  either  pole  )f 
an  iron  electro-magnet,  the  plane  of  polarisation  is  turned  through  a 
sensible  a'lgle  in  a  direction  contrary  to  the  norpial 
direction  of  the  magnetising  current  ;  so  tliat  a  true 
south  pole  of  polished  iron  acting  as  a  reflector 
turns  the  plane  of  polarisation  right-handedly." 

Dr.  Kerr   also  examined  a  beam   of  light    reflected 
obliquely  from    the   side   of    a 
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polished  magnetised  bar,  which 
formed    the    armature    of    an 
electro- magnet.      In   this    case 
also   he   found  that   the  plane       <— 
of  polarisation   is  rotated,  but 

the    rotation    ■      in    opposite    directions    according    as 
the   origin:"'  of    polarisation    is    parallel    or   per- 

pendicular   ■  ,)lane  of  incidence  of  the  light. 

The  Ze  '  tfFect. — The  observation  of  this  eflect 
depends  uj  ■■  ^e  use  of  somewhat  relined  optical 
methods,  and  m  describing  it  some  elementary  know- 
ledge of  optics  must  be  assumed.  It  is  generally  known 
that  when  the  light  of  an  incandescent  vapour  is 
examined  spectroscopically,  the  spectrum  is  not  con- 
tinuous, but  is  found  to  consist  of  a  series  of  more 
or  less  numerous  bright  bands.  Now,  if  such  a  source 
of  light  be  placed  between  the  poles  of  the  Ruhmkorff 
electro-magnet  (Fig.  277),  the  bands  can  be  observed 
in  the  usual  way,  and  are  unaffected  as  long  as  the 
magnet  is  unexciled.  Conrining  the  observation  to  a 
single  band,  let  the  magnet  be  now  strongly  excited. 
On  examining  the  light  transmitted  through  the  pole  pieces,  that  is, 
along  the  lines  of  force ^  the  band  is  splil  into  two  very  close  together,  and 
circularly  polarised  in  opposite  directions.  In  other  words,  the  vibrations 
in  the  two  bands  are  circular  ones  and  the  rotations  are  in  opposite 
directions.  The  separation  of  the  two  shows  that  the  wave  lengths  are 
slightly   different. 

Let  the  light  now  be  viewed  at  ri^^ht  angles  to  the  lines  of  force,  say 
horizontally  from  the  side  of  the  magnet.  In  this  case  the  band  is 
found   to   be  sj>tu  into   three,  all   ot   which    arc   plane    polarised — that    ii, 
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consist  of  vibrations  in  (icfinite  phines.  Furtlicr,  the  vibrations  of  the 
central  band,  whicii  is  of  the  same  wave  length  as  tlie  <)rij;inai  light, 
are  horizontal — that  is,  alonjj  the  h'nes  of  force  ;  whilst  the  vibrations 
of  the  side  bands  are  vertical — that  is,  across  the  lines  of  force.  These 
two  side  bands,  of  course,  have  wave-lengths  slightly  greater  and  slightly 
less  respectively   than   the  central   band. 

It  is  therefore  proved  that  there  is  a  direct  action  between  a  mag- 
netic field  and  the  (ibrations  which  constitute  light.  If  we  suppose 
that  the  vibrating  :itoms  of  the  source  carry  positive  and  negative 
charges  of  electricily,  the  above  effects  can  be  explained  by  the  well- 
known  eiectro-niagtietic  laws  which  we  have  been  considering,  and  even 
the  ratio  of  the  charge  of  electricity  to  the  mass  of  the  vibrating  atom 
or  "corpuscle"  can  be  measured.  It  is  consider:iti(ins  of  this  kind  that 
make   the   phenomena   of  such   high   theoretical    nuportance. 

X. — THFORIKS    OF    MAGNKTISM. 

The  Two-fluid  Theory. — The  earliest  speculations,  subsequent  to 
Gilbert,  of  any  scientific  value  regarding  the  nature  of  magnetism,  were 
promulgated  at  a  time  when  Newton's  great  discovery  of  the  law  of 
gravitation  had  directed  the  thoughts  of  philosophers  to  theories  postu- 
lating action  at  a  distance.  It  was  not,  therefore,  surpr'-^ing  that  some 
explanation,  analogous  to  that  which  had  so  brilliantly  simplitied  our 
conceptions  of  the  laws  governing  the  motions  of  the  heavenlv  bodies, 
should  be  put  f.irward  to  explain  the  actions  which  were  observed  in 
the  magnetic  field.  A  very  superficial  consideration  of  the  facts,  how- 
ever, would  suffice  to  show  that  the  phenomena  were  more  complicated 
than  those  of  gravitation.  In  the  latter  it  was  only  necessary  to  assume 
that  particles  of  matter  attrihUd  one  another  according  to  a  certain 
law.  But  in  magnetic  working  both  attractions  and  repulsions  had  to 
be  explained.  The  difficulty  was  met  by  assuming  the  existence  of  two 
magnetic  materials  with  diverse  properties,  such  that  like  particles 
repelled  and  unlike  particles  attracted  one  another,  with  forces  propor- 
tional to  their  magnetic  masses  and  inversely  as  the  square  of  the 
distance  between  them.  From  the  extreme  mobility  shown  in  the  ex- 
periments, these  magnetic  materials  were  assumed  to  be  fluids^  and 
hence   arose   the   two  fluid    theory  of  magnetism. 

This  theory,  as  most  frequently  set  forth,  assumed  that  the  surfaces 
of  magnets  were  coated,  as  it  were,  with  the  appropriate  m.ngnetic 
Huids,  the  density  varying  from  point  to  point  of  the  surface  as  was 
required  to  explain  the  experimental  facts.  It  g.uc  rise  to  many  elegant 
and  abstruse  mathematical  theoiems,  which  have  been  very  useful  in 
the  development  o!  pure  ma!hf!i!:iti<s,  am!  which,  up  to  a  ortain  point, 
explained     some     of    the  early     experiments   and   enabled   the   results  of 
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Others  to  be  predicted.  The  inherent  difficulties  were,  however,  great, 
for  apart  from  iheir  curious  properties  the  assumed  fluids  were  found 
by  experiment  to  be  quite  imponderable,  and  to  be  non-existent  apart 
from  magnets.  MoreoM  r,  if  magnetism  were  some  kind  of  fluid  which 
flowed  over  from  the  one  body  to  the  other  during  the  process  of 
magnetisation,  we  should  have  expected  to  observe  some  signs  of  mag- 
netisation in  the  wood,  glass,  or  pasteboard  sheet  which  we  placed 
between  the  iron  bar  and  the  magnet  ;  but  these  did  not  show  any 
signs  of  magnetisation.  Again,  the  piece  of  iron  magnetised  should  have 
only  one  kind  of  magnetism,  defHinding  upon  which  pole  of  the  mag- 
net touched  or  was  near  the  piece  of  iron  ;  but  this  it  was  observed 
was  not  the  case.  Lastly,  the  magnet  should  lose  some  of  its  power 
at  each  experiment,  , 

and,   on    the   other      ,-" ^ — , , — I  .  . _ — _ —M. 

hand,   the  piece   of 
iron   should  give 
signs  of  magnetisa- 
tion when  removed  iHBlMlii    I 
from    the    magnet,  '    " 

at    least    foi     some 
time. 

These  considera- 
tions taken  alone 
would  not  perhaps 
have  overthrown  the  theory,  but  as  fresh  facts  were  accumulated  it  began 
to  break  down  in  its  attempts  to  explain  them.  Thus,  Jamin  showed 
in  his  experiments  with  corrosives  that  magnetism  is  not  only  distributed 
along  the  surface  of  a  body,  but  enters  it  more  or  less  according  to  the 
constitution  of  the  body.  He  ft)und  that  a  magnet  may  possess  several 
layers  of  magnetism,  ilifTering  from  each  other,  and  he  obtained  what 
he  termed  abnormal  magnets,  that  is,  magnet?  -v-th  two  north  poles,  or 
two  south  poles.  He  took  a  normal  magnet,  muj>neli>ed  its  outer  layer 
oppositely  to  the  inner,  so  that  he  had  now  a  south  pole  where 
formerly  there  was  a  north  pole.  The  new  north  pole  of  his  m.tgnet 
was  brought  into  contact  with  some  acid,  which  removed  the  outer 
layer  of  the  magnet.  When  examined  this  end  showed  its  original 
magnetism,  that  is,  south.  The  remaining  pole  of  the  magnet,  that  is, 
the  south  pole,  was  not  ;)ut  into  acid,  and  it  remained  south.  This 
magnet,   then,   had   two  south  poles. 

Earlier  still,  experiments  made  with  broken  r'agnets  tended  to  show 
that  the  surface  distribution  of  magnetic  fluids  is  insufTicient  as  an 
explanation  of  the  facts.  Thus,  if  we  break  a  long  thin  magnet,  such 
as  a  magnetised  knitting-ncc-ile,  or  a  thin  bar  n  s  {Fig.  2*<o),  at  the 
middle,   or  neutral    line,   we   obtain   two   magnets,   each  ot    whidi    has  a 
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north-  and  a  soutli-scckii)«  pule.  I.tt  the-c  two  pi^CL-^  be  again  broken, 
then  each  of  the  smaller  pieces  thus  i.btaineil  will  be  a  magnet,  both 
its  ends  attracting  filings,  while  the  north-seeking  pole  points  in  the 
same  direction  as  the  norlli-seeking  pole  of  the  original  magnet,  and 
the  south-seeking  pole  in  the  same  direction  as  the  south-seeking  pole 
in  the  original  magnet,  as  shown  in  the  figure.  If  we  consider  these 
breakings  to  be  continual  till  the  portions  become  infinitely  small,  we 
are  led  to  the  conclusion  ih.it  a  m.ignel  consists  of  little  parts,  or 
molecules,  each  of  which  possesses  a  noith-  and  a  soulh-seeking  pole,  and 
that  all  the  north-seeking  poles  lie  in  one  direction  and  all  the  south- 
seekmg  poles  in  the  opposite  direction.  There  is  a  free  north-seeking 
pole  at  one  end  and  a  free  south-seeking  pole  at  the  other,  but  every 
intermediate  north-seeking  pole  is  ncitralised  bv  the  pre.sence  of  an 
adjacent   south-seeking    pole. 

Poisson's  and  Weber's  Theories.— In  the  earlier  molecular  theories, 
notably  one  put  forward  by  -'oisson,  it  was  assmned  that  the  process 
of  magnetisation  consi.sts  in  magnetising  the  individual  molecules,  whose 
axes  would  then  be  arranged  as  just  described.  This,  however,  only 
forces  the  difliculty  one  step  farther  back,  as  it  is  perhaps  more  difficult 
to  nnagnie  a  process  of  molecular  magnetisation  than  one  of  magnet- 
isation  of  the   whole    mass. 

Most  subsequent  theories  assume  the  molecules  to  be  already  mag- 
netised. One  of  the  earliest  of  these  was  advocated  by  Weber,  who 
in  addition,  a.ssumed  that  the  molecules  were  subjected  to  a  constant 
controlhng  force.  According  to  this  theory,  it  is  not  difficult  to  explain 
some  ot  the  different  magnetic  phenomena  we  have  noticed,  as,  for  instance, 
the  action  of  magnetic  induction.  If  we  bring  a  piece  of  iron  a  b 
near    the  north-seeking  pole  of  a  magnet    .V  .V  (I-'ig.   2.^1),  all  the  north- 
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seeking  ends  of  the  molecules  of  the  magnet  are  directed  towards  the 
piece  of  iron,  and  as  they  are  nearer  than  their  south-seeking  poles, 
their  influence  therefore  prevails.  The  molecules  of  the  piece  of  iron, 
which  are  first  scattered  through  its  mass  with  their  poles  pointing  in 
a.l  directions,  when  under  this  induction  turn  their  south-seeking  poles 
towards  the  magnet.  The  end  of  the  piece  of  iron  nearest  the  mag- 
net will  exhibit  magnetism  opposite  to  that  of  the  pole  to  which  it 
is  presented. 

According  to  this  view,  magnetisation  is  nothing  more  than  a  deter- 
minate position  of  all  the  molecular  magnets,  all  their  north-seeking  poles 
pomting  in  one  diauion,  whilst  their  south-seeking  poles  point  in  the 
opposite   direction.      A    piece    of    iron    is   in    an    umnagnetised   condition 
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when  the  molecules  assume  various  ami  mixe>l  liiieiiioiis.  Tliis  may  he 
illustrated  by  a  simple  experiment.  It  we  iKail\  IjI!  a  kI;<-s  tube  with  -tee! 
filing?  which  liave  been  majjnetised,  and  pass  the  piile  ut  a  ma^'net  along 
the  tube  several  times,  the  tube  of  filing's  will  behave  like  any  ordinary 
»ar  magnet.  The  filings  are  now  turned  with  their  poles  facing  the 
j  I  same  way,  but   il   we  shake  the  filings  in  the  tube  it  loses  its  magnetism, 

I  as  the  poles  of  the   particles   of  filings  are  no  longer  turned  in  the  same 

direction.    The  following  experiment  is  even  more  striking.    A  glass  cylinder 
l  is  fitted  with   flat  glass  ends,  and   is   filled  with   ivater    in  which    magnetic 

J  oxide   of  iron    is   ditTused.     A   coil   of  insulated   wire   is  wound   round  the 

j  cylinder.     On    looking   at    a   light    through   the   ends,    the   liquid    appears 

;  muddy,   and    very   little   light   can   get    through  ;    but    when   a  current  of 

I  electricity   traverses   the   wire,   the   liquid   appears  clearer  and   more  light 

}  passes.     The  reason   is   that    the   particles  of  the  cxide   on    being    mag- 

netised arrange  themselves  so  that  their  lengths  are  in  the  direction  of 
the  axis  of  the  cylinder,  and  -^m  they  obstruct  the  light  less.  In  a 
similar  manlier  the  existence  of  the  neutral  zi>ne  may  be  explained.  When 
we  bring  a  piece  of  iron  near 
the  middle  of  a  magnet,  as 
i  at  m  m'(Fig.  2Sj),   it  is  not  in- 

I  fluenced,  because   there   are    an 

t  equal  number  of  particles  on  each 

I  side  of  that  line  having  poles  pro- 

i  ducing  equal  aiid  opposite  eflTects. 

^"t  this  theory,  although  it  goes  much  farther  than  the  two-fluid 
theory,  still  fails  to  account  for  all  the  facts,  and  more  especially  it 
does  not  explain  all  the  peculiarities  of  the  cmves  of  magnetisa- 
tion such  as  we  have  given  in  Figs.  252  and  2 --4.  According  to  the 
assumption  made  with  respect  to  the  nature  and  direction  of  the 
!  supposed    const.int    controlling    force,   these    curves    would     have    diflerent 

forms,  but  none  of  the  theoretical  forms  would  correspond  with  the 
actual  curves.  Subsequent  philosophers  have  therefore  added  further 
assumptions  tending  to  bring  the  theory  i;ito  closer  correspondence  with 
the  experiments.  The  difliculty  is  to  account  for  the  three  stages 
(Fig.  2S;,)  shown  in  these  curves,  namely,  the  .slow  initial  rise  from 
'  zero,  the   subsequent  very  rapid  rise,  and  the  final   gradual    rise.     Kxcept 

that  the  points  a  and  b  are  not  so  sharply  defined,  careful  experiment 
shows  that  magnetisation  curves  arc  made  up  of  the  three  parts  ,-  a, 
a  I',  and  i  c.  Indeed,  if  we  smooth  the  angles  a.-^  shown  by  the  dotted 
line,  we  get  quite  a  typical  curve.  Any  theory  of  m.igiietisation  must 
account  at  least  for  these  three  stages  and  also  for  the  phenomen.i  of 
icsiduai    magneti.Mii    and    hysteresis    as    already    described. 

Wiedemanns   and   Maxwell's   Theories.— To  meet   the   ditficuity 

Wiedemann   assumed   the    tuming   of  the   molecules   to    be  hampeied  by 
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a  frictional  resistance  similar  to  the  friction  between  two  solids.  The 
peculiarity  of  such  a  resistance  is  that  \\  absolutely  prevents  motion 
until   the  moving   force   reaches  a  certain    t>iagnitude   beyond   which  the 


Fig.  .-^3.— Stages  of  MagnetiuiuM. 

motion  produced   rapidly   increases.      This  would    account    for    the    part 
a  b  (Fig.   283)  of  the   curve,  but   not   for   the  other   two  stages. 

Maxwell  improved  upon  this  hypothesis  by  assuming  that  the  mole- 
cules rotated  under  the  influence  of  the  magnetising  forces  in  the  same  way 
tlut  an  elastic  solid  such  as  steel  yields  to  mechanical  forces.  If  a 
piece  of  steel  wire  is  stretched  by  a  gradually  increased  mechanical 
pull  it  at  first  yields  but  a  very  little,  until  a  certain  strain  is  reached 
known  as  the  elastic  limit.  Within  this  limit  it  has  the  power  of 
elastic  recovery,  and  will  return  to  its  original  length  if  unloaded.  This 
stage  corresponds  to  the  part  o  a  of  the  magnetisation  curve.  After 
the  elastic  limit  is  passed  the  nsaterial  yields  very  rapidly  and  non- 
elastically  to  comparatively  small  increases  in  the  load,  and  we  have 
a  stage  corresponding  to  the  stage  a  b  of  the  magnetisation  curve. 
Beyond  this  the  mechanical  analogy  cannot  be  pressed,  as  the  stretched 
wire  ultimately  breaks.  But  in  the  magnetisation  case  we  are  dealing 
with  rotations  which  cannot  be  carried  beyond  a  certain  line,  namely, 
the  direction  of  the  magnetising  field.  We  can  therefore  get  over  this 
final  dilTicuIty  by  supposing  that  the  greater  number  ol  molecules  yield 
non-elastically  during  the  period  a  h,  but  that  some  of  the  molecules 
or   molecular    groups    do   not   so  yield   until   the    magnetising    field    has 
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passed   the   value  -  n.     If  they   alter  that  yield   a  few  at  a  time,  we  may 
account    for    the   small    increases   registcreil   in   the  sta^c   b  c. 

Residual  magnetism  is  explained  by  assuming  that  even  at  tlie 
highest  magnetisation  some  of  the  molecules  have  not  lost  the  power 
of  elastic  recovery,  and  tliat  these  resume  either  partially  or  entirely  their 
original  positions  when  the  magnetising  field  is  suppressed  ;  their  con- 
tribution to  the  magnetisatit)n  thus  disappears  with  the  field.  The 
remaining  molecules,  having  been  strained  beyond  the  elastic  linut  ol 
recovery,  remain  permanently  set,  and  their  changed  orientation  causes 
the  residual  permanent  magnetis.ition. 

Since  the  elastic  limit  and  the  power  of  elastic  recovery  may  be 
assumed  to  diflfer  widely  in  different  materials,  this  theory  accounts  tor 
a  wide  range  of  experiment.il  facts.  It  is  ditlicult,  however,  to  see  how 
the  existence  of  hysteresis  can  be  explained  by  any  reasonable  extension 
of  the  theory. 

Hug'hes's  Theory. — Prof.  D.  E.  Hughes,  so  well  known  in  connection 
with  the  microphone,  exhibited,  in  1H.S4,  exiK-riments  in  sup|K)rt  of  a 
theory  that  in  an  unmagnetised  piece  of  iron  or  steel  the  molecules  assumed 
to  be  magnetised  are  arranged  in  closed  magnetic  chains.  Taking  20 
flat  strips  of  iron  bound  together,  he  first  magnetised  them  in  a  strong 
field,  and  suppressed  the  field.  He  then  dissected  the  compound  bar 
and  tested  the  separate  strips,  which  were  found  to  be  magnetised  in 
various  complicated  ways,  sometimes  even  oppositely  to  the  general 
magnetisation  of  the  laminated  bar.  Following  a  method  used  by  Jamin, 
Hughes  dissolved  in  weak  nitric  acid  an  iron  b  ;r  which  had  been  subjected 
to  magnetising  forces.  As  successive  layers  of  iron  disappeared  the  bar 
showed  curious  opposing  states  of  magnetisation  at  difTerent  thicknesses. 
This  Hughes  expl.iined  by  supposing  that  the  molecules  of  iron  removed 
by  the  acid  had  formed  part  of  closed  magnetic  chains,  which,  by  the 
removal  of  some  of  the  molecules,  had  become  opened,  and  thus  affected 
the  external  field.  Hughes  also  showed  how  his  theory  explained  the 
fact  that  thin  steel  bars  are  better  for  permanent  magnets  than  thick  ones. 

Ewing''S  Theory. — Ewing,  assuming  that  the  elementary  molecules 
of  magnetic  materials  are  individual  magnets,  supposes  that  in  the  un- 
magnetised state  these  elementary  magnets  are  not  scattered  through  the 
mass  of  the  iron  in  an  utterly  irregular  manner,  but  that  they  form 
molecular  magnetic  groups  by  the  mutual  influence  of  the  magnets  on 
one  another.  Such  a  group,  like  Hughes's  closed  chain,  produces  no 
outside  magnetic  force.  A  set  of  molecular  groups,  each  containing  four 
magnetic  molecules,  is  shown  in  Fig.  2^^,  the  molecuks  being  denoted 
by  arrows  whose  heads  are  turned  in  the  direction  of  the  molecular 
magnetic  axis.  The  first  and  third  gioup  (/ and  c  would  exert  no  external 
magnetic  efTeri,  but  the  other  two  would  exert,  the  second  h  a  horizontal 
maf{netic  eiTecl,    and  the    last  d  a    vertical  effect.    The  transition  from 
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Fit;  '^^  — Uroups  of  Four  MagncU. 


Fig.  285. — Groups  of  Seven  Magnets. 


stages  (/  and  r  tn  sLi^cs  /'  .iiid  1/  c.iii  be  bniufjlit    ihout  by  subjectinR  Ihc 
:ia);iicts  to  ihu  iiilhiciiic  <it  an  external  field. 

In  Fi)T.  2>;  uc  iiavc  a  >Lt  nf  inolcuilar  )»r(iiips,  cacli  consisting  nf  seven 

molecules.     In   each  of  these   the   various   MiaRiietic   axes   are  so   disposed 

by    the   nuitual    niaj;nelic  action   that  on    the   whole   little   or   no  outside 

ni.i;;neiic  .ifTett  couKl  e.xist.     Suppose,  now,  a  gradually  increasing  magnetic 

„  b  c  li  ''^''''    '*    produced    in     the 

space  where  such  groups 
exist  witliin  an  uiimayntt- 
iseil  iron  bar.  Whilst  the 
magnetic  lorce  is  lechlc  it 
has  little  eflect,  ami  only 
a  few  ot  the  molecular 
m.igiiets  will  move  in  re- 
sponse to  it,  producing  a 
slight  external  magnetic 
elTect  in  the  direction  of 
the  field.  This  stage  corre- 
sponds to  the  portion  c  a 
(F"ig.  2fS_!)  of  the  ordinary 
magnetisation  curve.  If 
the  Held  he  now  sup- 
])ressed  these  disturbed 
magnets  will  return  to  their  original  positions  and  no  permanent  magnetis- 
ation will  remain.  It,  however,  instead  of  suppressing  the  magnetic  field 
its  strength  be  increased  gradually,  then  sooner  or  later  some  of  the 
molecular  groupings  will  become  unstable,  and  a  little  further  increase 
of  the  tielil  will  overpower  the  nnitual  actions  of  the  magnets  ;  the  groups 
so  disturlieii  will  then  be  broken  up  by  the  turning  of  the  individual 
magnets  nmie  or  less  completely  in  the  direction  of  the  tn.igiietising 
force.  As  the  magnetic  field  increases  still  further,  more  and  more  groups 
are  thus  broken  uj)  until  practically  none  of  the  original  groups  remain. 
This  st.ige  corresponds  to  the  part  a  h  of  the  magnetisation  curve  (Fig.  283), 
and  on  the  .suppression  of  the  magnetic  field  many  of  the  magnets  would 
retain  their  positions  ;  the  bar  would  be  permanently  magnetised. 

If  now  the  strength  of  tlie  field  be  further  increased,  e\en  to  a  great 
extent,  very  little  additional  magnetic  eflect  can  be  produced,  for  the 
mol  cular  magnets  are  now  all  setting  in  the  general  direction  of  the 
magnetising  fiekl,  and  all  that  can  be  done  is  to  bring  them  more  strictly 
into  line  with  the  field  against  the  elastic  resisting  forces  due  to  nuitual 
niaf:netic  actions.-  The  magnetisation  of  the  bar  will  be  increased,  but  not 
to  any  great  extent.  This  stas^e  corresponds  to  the  part  h  ,_•  of  the  ma"- 
neti.sition  curve  (l'"ig.  ^^^3),  and  -jn  tnc  removal  of  the  field  the  magnets 
will  return  to  the  position  denoted  by  b. 
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To  illiiNtratc  lii>  tliii-ry  Iv\vii>n  cxpciiiiicntfil  with  (;f"'"P^  w^  iittle 
pivoted  ina>;iit'ts,  ami  s.iim;  ot  tliu  results  of  an  i.x]n.iiiii(iit  vvitli  ^t^  such 
magnets  arc  slioun  in  Fij^s.  2^>i  to  ;SS.  In  e  u  li  li^urc  tlic  Jiicttion  of 
the  superinipo^cil  niaKnitic  ticlil  is  ■-liuwn  bv 
the  arrow  h.  In  Fij;.  2S6  tlic  magnets  appear 
to  be  unafTected  by  tlie  ticM //;  tbev  are  jjroiipeil 
in  a  number  of  clo>eil  chains.  On  the  magnetic 
field  //  Ixins  innea-cd  the  ni(uipiii;;s  bci.i>me 
unstable,  and  break  up  one  alti  r  auDtlici  until 
wc  lia\e  the  niajj;ncl^  in  the  position  shown  in 
Fir.  ^^7,  in  wliith  .1!!  the  nurili  scckinj;  pules 
are  turned  in  one  directinn,  but  the  m.i^U'.tic 
axi  .  ,1  c  not  quite  parallel  to  //.  It  is  exceed- 
ingly interestinj;  tn  watch  the  successive 
changes  iiiterveniiij;  between  I'"i>;s.  2^(1  and 
2^7  ;  it  must,  ot  course,  be  remembered  that 
the  pivots  upon  whieli  the  tnajjTiets  tin  11  arc 
fixed  in  lines  which  are  ii'>t  ]iarallel  to  //.  On 
still  further  inereasinv;  the  strength  ol  /;  enu 
siderably  the  indi- 
vidual inafjiiets  are 
brought  into  the 
positit>ns  shown  in 
Fig.  jSS,  in  which 
the  magnets  are 
dragged  nearly  par- 
allelto  thedirectioii 
of  h  against  the 
mutual  magnetic 
forces  acting  be- 
tween neiglibour- 
ing  magnets. 

V\'  i  t  h  such 
groups  of  magnets 
Ewing  was  able  to 
show  efTects  corre- 
sponding   to  those 

produced  in  magnetising  an  iron  bar,  not  only  as  regards  the  general  shape 
of  the  magiietisatinn  curve  already  alluded  to,  but  also  with  regard  to 
retentivity,  coercitive  force,  hyst'.'resis,  etc.  He  therefore  ailvanced  the 
theory  th.it  the  mutual  i-iagnctic  actions  according  tn  known  laws  between 
the  magnetised  niolecults  leiukred  u!i!uce'-:!r\'  the  hvpi:!!u'.is  n!  a  tri-.tional 
resistance  to  the  turning  ul  the  muleeules  when  iubjectcJ  to  ilie  influence 
of  a  magnetising  field. 
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Ewing'»    Kxperiment^   wilh   (*irut:ps  of  MagDets. 
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Ampere's  Theory  of  Magrnetlsm.-A.  i!ie  tlu      -s  (except  Poisson's) 

hithcrtii  tnentioncd  bcHi"  by  assuming  tK  .r  the  iii:i!,'rn;fic  nK/loLulcs  are 
actually  magiutised,  but  none  ot  them  Ri\e  nnv  iiuiicai  'ti  ol  How  such 
magnetisation  was  origin, illy  ifTccttd  <ir  h^w  it  is  rt-taiiK'i;  The  evrdent 
similarity  in  the  behavimirof  magnets  and  -olenoids  led  to  Infi're's  ihfory 
of  magtirlisin.  Solenoids  and  magnets  o'l -y  the  same  law-  The  force 
of  attraction  or  repulsion  btiwcen  their  polo  is  directly  prop<  ional  tf  the 
product  of  the  pole  strength^  and  inversely  proportional  to  the  square  of 
the  distance.  Solenoid  and  niagiut  affect  each  other  exactly  as  two 
magnets  would.  These  phenomena  led  Anijiere  to  i^ive  up  the  two-fluid 
theory,  and  to  suggest  lh.it  magnetism  i^  nothing  el-c  th.m  par.illelism 
of  electric  currents.  My  iikiiis  of  Am[-iii's  theory  all  in.is.;  luti^  phe- 
nomena find  a  simple  ex|)laii.ilion  ;  a  magnet  mav  be  assuincil  i  ■  con'^ist 
of  a  bundle  of  nuileml.ir  solenoids,  wiih  their  similar  pules  arr.iiiged  in 
the  same  direction.  .Such  current-  if  looked  at  from  one  end  of  the  magnet 
would  all  appear  to  be  circulating  in   the  s.nne  direction,  .mil   their  join' 

effect  could  be  rcpreseiiUil  by  a  single 
current  circulating  in  t!it  direction 
Liy  roiMh  the  magnet.  .\cci 'ding  to 
Ampere's  theory,  this  resuU.iiit  cur- 
rent at  the  south  pole  'if  a  magnet 
will  flow  clockwise,  at  the  north  pole 
counter  clockwise,  the  pole  in  ques- 
11(4.  iiiQ -Aniiiirf'j  noiion  of  a  M««nci    '^        tioti    pointing   towards   the  observer. 

If  tlie  oiiM-rver  stand  before  the  south 
pole  of  the  solenoid  (Fig.  2'<<i),  the  urient  eiiLcrs  at  s,  am!  flows  without 
altering  its  direction  of  ro'ation  through  all  the  uirns  and  out  again  at 
N.  Place  a  watch  with  its  face  towards  the  oi)server,  the  current  \.ill 
move  with  the  hands  ;  if  now  the  observer  moves  to  f.icc  the  north  p..le, 
still  having  the  watch  facing  him,  he  will  -ee  the  current  im.ve  ag  .u^t 
the  hands  of  the  watch.  If  every  kind  of  magnetism  (c.irth  magin  ni 
too)  be  due  to  electrical  currents,  it  nui>t  be  the  earth  currents  w.ich 
determine  the  position  of  the  magnet  or  s,!,  noid.  The  current  whsch 
causes  the  earth's  magnetism  must  flow  from  •  to  west,  and  the  urrcni 
at  the  south  pole  of  the  magnet  has  the  sanK  .section  at  its  lowei  de, 
and  the  opposite  dii-ection  at  its  upper  side. 

The  molecular  electric  currents,  if  they  e.x    i,  d     not  cause  any  in 

of  heat  as  do  the  currents  in  our  ordinary  elcc  ic  circuits.  If,  h.nv.  er 
the  molecular  circuits  have  no  resistance,  no  he.u  im  be  generatec  id, 
moreover,  theeurrent,  when  once  started,  would  contirue  to  circulate  itil 
suppressed  by  external  causes.  It  is  not  easy  to  ;  jl  1i.,w  the  cui  Us 
are  originally  started.  A  piece  of  iron,  lor  instance,  at  a  white  at 
cannot   be  magnetised,  and  therefore  we  must  assume   th.it    its  nv  ci 

are   nyt   magnets,   and    that    tlie  Amperian   currents     ire    non-existeni    in 
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them.     A»  iIk    iron  cnnl-i  it       ddculy,    •   tht- 
(j).i>;e    xoii),   bci'  iiies   ni.ij;iicti<     and    tht:    fon 
cliangcs   which    take   pLm-    as     'hi-     tenipct.(''j^ 
must    be  general cil.      How  th      is  at  >"■    'hsheu 
gcsted,  but  if  e!ii-t;5'  hj»  '•   t"     used 
at  this  tempcratur.       ifiKuirtlv     srge  ch 
energy  of     m  me       .  cs  to    •'  of  so 

tioii  of  the  t  iirrent 

'I  lie  phcii 'mena  ■■(  (!iaii  ii^ni  >m 
molecular  cui  !s  are  starUa  in  !iaii 
action  of  the  tield  in  whi-  h  the  expt- 
lavvb   of  niagnt!  i-fli-i  .    liKtion 

currents  would  In-  j.  ^  lo  sit  uj 

and  thf   obstr  lU    rcpi.       iis,   fU 
inducing  fickl,  cui   '^-nis  wouK- 
would    cant'tl    '.he   previous  ^ 
ion  with   its  I 
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be   explained   by  assuming   that 

no  roi-^tancc  by  the  inductive 

Ills  are  made.     According  to  the 

direction   of  circulation   of  these 

»icld   opposed  to  the  inducing  field, 

i  follow.     On   the    removal   of  the 

..     d      1  the  opposite  direction,  which 

aud         •   body    would    return    to    its 

fs  unni.i.-    ;  tised.     Kwing   has   pointed 

juircs  tht-  !  '-ilectilar     roups  of  diamagnetic  bodie* 

us  n^i  luy  as  cuiivpaicd  with    lon  or  steeL 

.  .       Ill'  nc>^         >  will'      ha\  ■  been  brought  to  light  by  Heusler's 

icli        ioys   C'/inposcd    of    non-magactic    materials  (*<•« 

,    uui       .'   tlu    •xperiinenis  of  other    investigators   in   the   same 

ii  i>  ob\.  1!'  th.it 


rtiuns  if  tl' 
ena.      T'. 
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le  fori  ;oing  theories  will  have  to  '.e  modified 
are      '  give  even  an  approximate  explanation 
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never,  has  scarcely  arrived  lor  a  com 
s,  although  the  data  .^re   now  rapidly 
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CHAPTER    Vni. 

ELECTR  OMA  GiXhTS. 

In  applying  the  foregoing  laws  and  principles  to  the  service  of  man, 
the  eleclro-nwgnet,  in  some  one  of  its  many  forms,  plays  a  most  important 
part.  Indeed,  to  discuss  adequately  the  varied  types  of  electro-magnets 
and  the  functions  they  arc  called  upon  to  perform,  would  require  the  set- 
ting down  here,  in  anticipation,  much  of  what  will  constitute  a  consider- 
able portion  of  the  subsequent  sections  of  this  book.  There  are,  however, 
certain  general  principles  and  considerations  involved  in  the  design  and  use 
of  electro-magnets  which  may  be  conveniently  referred  to  here  and  illus- 
trated by  the  description  of  a  few  typical  designs,  some  of  which  are  very 
widely  used. 

The  principle  which  conduces  more  than  anything  else  to  the  useful- 
ness of  an  electro-magnet  is  the  fact  that  its  magnetism  can  be  set  up  or 
removed  at  pleasure,  and  that  the  position  from  which  this  operation  can 
be  effected  may  be  at  a  very  considerable  distance  from  the  point  where 
the  magnet  is  situated.     The  place  where  the  electric  circuit,  the  current 
in  wliicli   controls  llie  magnetism,  is  matle  or  htoken,  can  be  placed  any- 
where in  the  circuit,  and,  as  a  rule,  the  length,  disposition  and  extent  of 
this  electric   circuit   can    be  adapted   to   any  conditions.     The   limitations 
which  economical  and  other  considerations  place  upon  this  statement  will 
appear  in  the  sequel  when  particular  rases  are  being  dealt  with,  but  the 
main  principle  is  of  paramount  importance.     It  involves  as  a  consequence 
the  possibility  of  creating,  supjiressing,  varying  and  controlling  mechanical 
forces  of  predetermined  magnitude  and  direction  at  a  great  distance  from 
the  operator.     These  forces  can  be  used  either  directly,  if  large  enough  to 
perform  the  work  to   be   done,  or    they   may  be   applied   indirectly,  as   a 
trigger  is   used  in  a  gun,  for  the   purpose  of  setting   in   motion  a    much 
larger  store  of  energy  and  tiius  controlling  work  which  may  be  immeasur- 
ably  beyond    their  own    feeble   powers.     In  whatever  way  they   are   used, 
howe^-er,  the  electro-magnet,  with  its  wonderful  properties,  is  the   key  of 
the  arrangement,  and  without  it  the  whole  train  of  operations  might  have 
to  be  modified,  and  in  many  cases  the  results  attained  would  be  impracticable. 
Smce  the   most    usual   and    immediaie   object   of  an   electro-magnet    is 
the  production  or  variation  of  ri  mechanical  force,  and  since  the  mechanical 
force  between  two  magnetic  materials  in  the  neighbourhood  of  one  another 
is  proportional  to  the  square  of  t!ie  magnetic  flux  (or  lines  of  force  pass- 


Et.F.CTRIC    ANP    MaCSFTIC    CiRCVITS. 


?3' 


I  ig.  2/3. -Ktlalive  (luMiinns  of  Electric  »nd 
Magnetic  Circuits. 


iiiR  from  one  to  tlic  other),  we  sec  tli.it  in  designing  ;in  electro-magnet 
great  attention  shoulil  be  ii.iiil  to  the  production  of  the  necessary  magnetic 
flux  as  readily  as  possible.  The  same  consideration  also  applies  when  the 
primary  object  of  the  electro-magnet  is  the  production  of  an  intense 
magnetic  field  in  a  confined  space,  as  in  the  air-gaps  of  dynamo  machines. 
In  both  cases  the  object  will  be  attained  bv  so  disposing  the  copper  of 
the  electric  circuit  and  the  iron  of  tlie  magnetic  circuit  that  the  desired 
efTect  on  the  latter  shall  be  pn-'luced 
most  economically  by  the  me.iii  avail- 
able in  the  former.  These  two  circuits 
are  always  linked  together  as  shown 
diagrammatically  in  Fig.  aoo,  which  illus- 
trates the  simplest  possible  case  of  a 
magnetic  flux  being  set  up  in  an  iron 
ring  by  a  current-carrying  ring  looped 
through  it  in  a  plane  at  right  angles  to 
the  plane  of  the  iron  ring. 

The  laws  directly  involved  have  been  dealt  witli  already,  but  it  may 
be  well  to  recapitulate  them  here  in  a  slightly  diflerent  form.  The 
magnetic  flux  produced  will  depend  upon  : 

(l)  In  the  Electric  Circuit. — The  magneto  motive  force  (M.  M.  k.),  which 
is  proportional  to  the  "ampere-turns'' — that  is,  to  the  product 
of  the    current    by  the   number   of  turns   in   the    magnetising 
spirals. 
(a)  In  the  Miigiietic  Circuit. — The  reluctance  (X),  which    should   be   as 
low   as    possible.      This   is   attained   by   making   the   circuit   as 
short  and   as  thick   as   possible,  and    by  introducing  into  it  as 
much   magnetic   material  of  high   permeability  as  the    circum. 
stances  will  permit. 
It   is   well    also   to    bear    in    mind 
the    rel.uions   between    the    direction 
of  circulation  of  the  current  and  tht; 
direction  of  the  magnetic  flux.     Tliis 
relation  is  shown  again  in  a  difTeient 
form,  but   one  more  adapted  for  our 
present   purpose,  in   Fig.    291,  where 
the    arrowheads    on    the    dark    outer 

circles  indicate  the  direction  of  circulation  of  the  electric  currents,  and 
the  letters  N  and  s  on  the  shaded  inner  circles  show  the  polarity  of  the 
near  ends  of  iron  cores  round  which  such  currents  circulate.  It  is  only 
necessary  to  remember  in  addition  the  convention  that  the  direction  of 
the  magnetic  flux  is  outwards  from  a  north-seckiug  pole  and  inwards 
towards  a  snuth-seeking  pole.  Attention  is  called  to  the  corkscrew  rule 
already    civeii    (nc   page    276),   which   will   be   found   to   harmonise   with 


RcKition  between  Current  CircuUtioo 
and  Poles  of  Core. 
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Fig.  291.  It  may  perhaps  be  well  to  emphasise  the  fact  that  it  is  the 
direction  of  circulali'ni  of  the  current  which  determines  the  direction  of 
the  flux,  and  tliat  it  is  a  matter  of  perfect  indifference  whether  the  mag- 
netising solenoid  be  wound  in  right-handed  or  left-handed  spirals. 

In  most  cases,  the  function  of  an  electro-magnet  is  to  produce  motion 
of  some  kind,  and  therefore  the  complete  apparatus  usually  consists  of 
two  parts,  fixed  and  movable  respectively.  In  one  of  Sturgeon's  early 
electro-magnets,  already  illustrated  (Figs.  247  and  24S),  the  fixed  part  is  the 

horseshoe-shaped  piece  ol 
iron  overwound  with  the 
niagneti.>ing  coil,  and  the 
soft  iron  keeper,  or  arma- 
ture, is  the  movable  part. 
In  the  straight  bar  magnet 
of  Fig.  249  no  movable 
part  is  shown.  By  the 
kindness  of  Professor  S. 
P.  Thompson  we  are  able 
to  illustrate  in  Fig.  292* 
another  electro -magnet 
of  great  historic  interest, 
namely,  the  t'^^ctro-mag- 
net  used  in  1S31  by  Pro- 
fessor Henry,  of  Princeton 
College,  in  his  original  in- 
vestigation which  resulted 
in  the  discovery  of  the 
"  law  of  ampere-turns." 
The  internal  rod  of  soft 
iron,  technically  called  the 
core,  is  20  inches  long  and 
3  inches  square,  weighs 
31  lb.,  and  is  bent  into 
the  form  of  a  horseshoe, 
qJ  inches  high.  Nine 
coils  in  all  were  wound  on  the  core,  and  each  coil  consisted  of  60  feet  of 
copper  bell-wire  carefully  insulated,  the  ends  of  the  coils  being  brought 
out  so  that  any  desired  combination  of  then;  might  be  made.  The  ends 
of  the  core  and  the  p:irts  of  the  armature  in  contact  were  properly  surfaced 
so  as  to  fit  well  together,  and,  the  whole  being  fixed  in  a  strong  wooden 
frame  as  shown,  a  wooden  lever  was  arranged  passing  through  a  loop  fixed 
on  the  armature.  By  sliding  weights  along  the  lever  the  forces  of  detach- 
ment coriLsponiling  to  particul.ir  variations  of  the  magnetising  coils  and 
•  Cujned  from  the  Mtenl'Ju  AmeiicaH  of  L>cccinber  nth,  i)J8a 
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currents  could  be  ascertained.  The  small  sinj^lc  lliiid  copper-zinc  battery 
-liown  at  the  foot  was  used  in  the  experiments.  With  one  coil  only  in 
circuit,  Henry  found  that  the  force  produced  was  only  just  able  to  sup- 
port the  7-lb.  arniature.  -As  successive  coils  were  aiUIed  the  lorce  re- 
quired to  detach  the  armature  rose  r.ipidly  at  tirst  and  afterwards  more 
slowly,  until  with  the  whole  of  tlie  nine  coils  in  circuit  a  force  of  650  lb. 
weight  was  required  to  pull  off  the  armature.  A  latci  clectro-m.iKnet, 
built  by  Henry  in  1831,  was  capable  of  supporting  a  load  of  nearly  a 
ton  weight  (more  exactly  2,063  lb.)  on  its  armature.  The  apparatus  shown 
was  mostly  constructed  by  Professor  Henry  himself,  and  in  addition  to 
the  electro-magnet  comprises  a  current-reverser,  and  some  of  the  coils 
used  in  his  experiments  on  secondary  and  tertiary  induction  currents,  to 
which  we  shall  refer  later  on. 

Short-rang'e  Electro-magnets.— Passing  to  modern  forms  of  electro- 
magnets, we  have  in  Figs.  2^3  and  21)4  examples  of  the  lineal  descendants 


FlS*-  393  "^  394.— Two-Umb  Elcctro-ma((net«. 


of  the  old  horseshoe  type  first  used  by  Sturgeon  and  Henry.    The  curved 
part  of  the  horseshoe,  difficult  to  make  and  overwind  with  wire,  is  replaced 
by   two   straight   cores      r-'inected   by  a   carefully  fitted    wke  piece,  which 
«rves  to  carry  the  n      '    "i"  flux  across  from  one  core  to  the  other.     On 
these  cores  the  magnti     n,;    oils  can  either  be  wound  directly,  as  shown  in 
Fig.  214,  or,  being  previ.      ^^  wound  on  proper  formers  with  bounding  flanges, 
can  be  easily  slipped  on  the  cores  as  shown  in  Fig.  2113.     The  conical  shape 
of  the  coils  shown  in  Fig.  294  was  devised  by  Kelvin  for  cases  in  which 
the  length  of  wire  used  for  a  definite  magneto-motive  force  was  of  import- 
ance.     In    neither  case   is  the  complete  electro-magnet  apparatus   shown, 
for  tho  movable  part,  or  armature,  is  omitted.     Its  proper  position  would 
be  such   as   to   bridge   magnetically  moie  or   less  the   space   between   the 
two  exposed  poles,  but  the   precise  form  it  must  take  depends  upon  the 
nature  of  the  work  to  be  done.  The  complete  electro-magnet  with  its  armature 
as  used  in  a  continuous  current  electric  bell  is  shown  in  Fig.  2i).S,  in  which 
V  V  is   the  iron   of  the  yoke   and  a  a   the   armature  iron,  v  r  being  the 
pole   pieces.      The  only   non-magnetic   gaps   in   the   magnetic  circuit   are 
the   short   distances   between   v  i-   and   a  a,  for   stout   cores  pass  through 
the   coils   as  shown  by  the   dotted   lines.     The  piece  n  11  u,  which  carries 
the  yoke   and   the   armature,   is  non-magnetic,  bemg   made  of   brass.     In 
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wme   cheap   forms   of  bells   this   piece   is  of  iron,  which    magnetically   is 
a  bad  design. 

Kor  curtain   kinds  of  work,    more  eppeciallv  where    space    is  a  jirimary 

'  '        consideration — as,   for 

exa.riilo,  in  the  fitting  up  of 
a    large    teleplionc   exchange 
switch biiard — one  of  the  mag- 
netising coils  is  discarded,  and 
the  necessary  return  path  for 
the  magnetic  flux  is  provided 
by  an  iron  sheath  of  adequate 
thickness    placed    round    the 
coil  which   is  retained.     The 
arrangement  is  sljown  in  Fig. 
296,  in  which       part   of  the 
outer    iron   si...ith    has   been 
cut   away  to   show  the   mag- 
netising  coil    and    iron   core 
within.     The  fixed  yoke-piece 
at  one  end  is  shown  in  section 
bridging    across    the   bottom 
between  the  central  core  and 
the  sheath,  but  the  movable 
armature  at   the  other,  which  will  be  disc-shaped   in   this 
case,  is  not  shown  in  the  figure.      Such  m.agnets  are  vari- 
ously known   as  "  ironclad  "  or  "  bell  "  electro-magnets. 

Where  the  object  of  an  electro-magnet  is  the  production 
and   utilisation   of  a    mechanical    force,   the   kind   of   work 
.,         which   it    is   called    u[,on    to   perform    must    obviously   pro- 
%^.o-^^    *""""'">■  ''^'"'^  "^  ^^^'^''-     Thus  the  actual  motion  required 
_,    .  "'^y  ^'^  *'"all,  but  within  this  range  of  motion   it  may  be 

desired  to  produce  a  comparatively  strong  force.  The  magnets  just 
described  are  su.table  for  this  purpose,  since,  as  usuallv  arra.iged,  the 
distance  between  the  fixed  cores  and  the  movable  armature  is  small, 
and  It  IS  only  across  this  short  distance  that  motion  is  possible  In 
fact,  the  mechanical  pull  upon  the  armature  diminishes  verv  rapidly 
as  this  distance  increases,  until  at  quite  a  moderate  distance"  the  puU 
ceases  to  have  any  practical  value. 

Longr-Pangre  Electro-magnets.  -  There  is,  however,  another  class 
of  electro-magnets  in  which  the  range  of  motion  is  much  greater.  In 
these  the  iron  core  of  the  magnetising  solenoid  is  the  movable  part 
and  advantage  is  taken  of  the  fact  already  referred  to.  that  in  a  non' 
uniform  field  a  piece  of  s„ff  irn„  will  tend  to  move  to  the  nau  ol  the 
field   where   the   lines  are  densest.      Another   way    of    stating    the    same 
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principle  is  that  whenever  part  of  a  maKiietii.  circuit  c^)n^ists  of  soft  iron 
free  to  move,  the  sitf/  iron  will  mm r  in  such  :\  ilirti.ti()n  as  to  diminish 
the  magnetic  reluctame  of  tht  circuit.  The  |)riiici|iic  of  such  electro- 
magnets can  be  demonstrated  experinieiitallv  with  the  apjiaratus  shown 
in  Fig.  207.      The  core  c  of  the  solenoid  a  is  free  to  move  along  the  axis 
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of  the  solenoid,  and  can  be  withdrawn  at  pleasure.  Let  the  solenoid  be 
joined  up  in  circuit  with  a  battery  B  and  a  break-circuit  key  or  switch 
S  and  the  core  removed.  If  now  the  electric  circuit  be  closed  at  s  and 
the  end  of  c  be  introduced  into  the  coil,  it  will  be  found  to  be  pulled 
strongly  inwards,  and  that  as  the  core  enters  the  coil  the  pull  increases 
at  first,  reaches  a  maximum,  and  then  decreases  until  the  core,  if  longer 
than  the  coil,  lies  symmetrically  within  it,  with  equal  lengths  sticking  out  at 
each  end.  If  the  core  be  withdrawn  a  few  inches  from  this  position  and 
released,  it  will  oscillate,  provided  the  interior  of  the  solenoid  be  suffi- 
ciently mooth,  about  the  central  position,  and  finally  settle  down  in 
that  position  as  if  it  were  constrained  to  do  so  by  elastic  bands.  With 
the  iron  in  the  central  position  the  magnetic  circuit  of  the  field  of  the 
solenoid  has  manifestly  the  least  reluctance. 

We  see  that  the  force  of  attraction  on  the  iron  core  produced  by  the 
solenoid  is  not  uniform.  As  the  core  approaches  the  solenoid  the  force 
is  increased,  then  again  diminishes,  until  in  a  certain  position  the  rod 
remains  at  rest.  This  is  the  case  w!ien  the  centres  of  bar  and  cil  coincide 
as  shown  in  Fig.  297,  and  the  force  with  which  an  iron  core  may  be 
drawn  into  a  solenoid,  when  properly  arranged,  mav  become  vcty  con- 
siderable, a  Sulcuoiii  placed  veilicaity  being  able  lu  hold  an  iron  core  ia 
suspension. 
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Greater  equality  of  pull  than  is  possible  with  a  solid  cylindric  core 
can  be  obtained  over  a  long  range  in  two  ways.  In  the  first  place  the 
coils  on  the  solenoid  may  be  arran;.;v'd  in  sections,  and  as  the  core  moves 
lortvard  successive  sections  may  be  brought  into 
circuit  by  contacts  successively  made  by  the  moving 
core.  Or  the  core  itself,  instead  of  being  a  simple 
cylinder,  may  take  some  of  the  forms  devised  by 
F.  Krizik  and  shown  in  Fig.  248.  The  shapes  of 
the  three  upper  cores  are  obvious.  In  the  two 
lower  ones  iron  is  shown  shaded  and  the  white 
spaces  represent  non-magnetic  material.  In  all  the 
iron  is  piled  up  towards  the  centre,  with  the  result 
tnat  as  the  core  moves  forward  the  variation  of  the 
reluctance  is  more  gradual  and  the  forces  produced 
are  more  uniform  than  with  a  solid  cylindric  core. 
A  practical  example  of  a  long-range  plunger 
electro-magnet  is  shown  in  Fig.  299,  which  repre- 
sents the  electro-magnet  used  in  one  of  the  early 
patterns  of  arc  lamps  made  by  the  Brush  Electrical  Engineering 
Company.  In  general  arrangement  it  resembles  the  two-limb  electro- 
magnets already  described  (Figs,  zqji  and  294),  the  modification  being 
that  the  former  armature  has  been 
fixed  and  the  cores  with  their 
connecting  yoke  have  been  made 
movable.  If  these  cores  be  now 
drawn  downwards  a  non-magnetic 
gap  of  high  reluctance  is  intro- 
duced into  the  magnetic  circuit 
of  the  coils.  The  cores  are  there- 
fore sucked  inwards  with  a  con- 
siderable force,  and  tend  to  move 
so  as  to  shorten  the  non-magnetic 
gap  and  diminish  the  reluctance  of 
the  circuit.  The  same  principle  £. 
is  employed  in  other  electro-mag- 
netic devices,  which  will  be  re- 
ferred to  in  due  course. 

Dynamo    Electro -Hagrnets. 

— Another  large  class  of  electro- 
magnets has  for  its  primary  object  not  the  mechanical  effect  of  a  pull  on  a 
piece  of  movable  iron,  but  the  production  of  a  more  or  less  intense  magnetic 
field  for  other  purposes.  By  far  the  most  important  section  of  this  class 
consists  of  the  clcctro-magncts  of  dynamo-electric  machines,  the  fundamental 
principle  of  which  requires  that  there  should  be  relative  motion  between 
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conducting  circuits  and   niaRmtic   ticld>.   the    magnitude  of  the   r.   m.    k. 

produced   depending   directly  upon   the  nuniber  of  hues  in    tile   ni.ignetic 

field.     For  this  reason,  and   also  because  the  magnets  are   very  frequently 

of  considerable   size,  the  principles  on  which  goixl 

magnetic  circuits  depend  are  carefully  followed  in 

the  design.     This  dues  not,  however,  preclude  a 

very   great   variety   in  constructional    details   for 

special  purposes.    Only  a  few  forms  will  be  referred 

to  here,  as  the  subject  will  be  more  tully  considered 

in  a  later  section. 

A  widely  used   form    is   shown    in    section    in 

Fig.  300,  in  which  the  magnetic  circuit  is  of  the 

horseshoe  type  inverted.     There  are  two  ma<;net- 

ising  coils   on    the   upright  cores  c  c,  which  aie 

connected    across    their    upper    ends    by   a    \tr\ 

massive  yoke  v.     n  and  S  are  th        ile*^' 

the  magnetic  circuit  is  complete. > 

armature  of  good  soft  iron  which  aiii 

space   A   between    the    pole-pieces.       1 

magnet  stands  upon  an  iron  bed-plate,   which,  if  placed  again>t   the  pole- 
pieces  \  s,  would  deflect  many  of  the  lines  of  force,  because  these  would 

tend  to  pass  through  the  good  magnetic  iron  nf  the  bed-plate  as  the  path 

of  ieast  reluctance.  Since 
the  main  object  of  the  elec- 
tro.niatjiiet  is  to  force  as 
many  lines  as  possible  across 
the  gaps  between  the  pole- 
pieces  N  s  and  the  armature 
iron,  .i  non-m.ignetic  foot- 
step a  b  of  zinc,  or  some 
other  suitible  material,  is 
interposed  oetween  the  pole- 
I'ieces  and  the  bed-plate  to 
diminisli  the  iragnetic  leak- 
age which  ciilierwise  would 
occur  tlirough  the  latter. 
Notice  especially  the  ample 
cross-section  o*  .ill  par's  of 
the  magnetic  circuit  an     the 
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as    to    leave    oiilv    suHicient    room    for    the 


so 


reduction   of    its    length 
magnetising  coils. 

To    illustrate   partly   the   possible    varietv    attainable,    four   other  forms 
of  dynamo  electro-magnets   are   shown   diai;rammaiically  in  Fig.  3.^1.     In 
these  diagrams,  to  which  we  shall  have  to  return  later,  the  heary  black 
22 
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portions  represent  the  yoke  iron,  pole  pieces,  and  cores,  carrying  the  mag- 
netising coils,  the  positions  of  which  are  indicated  by  rows  of  dots  at  the  side. 
The  iron  of  the  armature  is  indicated  by  lighter  shading.  In  both  a  and 
h  there  are  four  magnetising  coils,  the  currents  in  which  so  circulate 
as  to  produce  north  polarity  at  the  top  pole-pieces,  and  south  polarity 
at  the  bottom,  the  lines  of  force  flowing  from  top  to  bottom  through 
the  armature  iron.  Both  these  are  essentially  two-pole  machines,  though 
in  the  latter  there  are  really  four  pole-pieces.  In  c  and  </,  what  are 
known  as  multipolar  magnets  are  illustrated,  c  having  four  poles  and  d 
six  ;  these  poles  being  alternately  north-  and  south-seeking.     In  c  the  poles 


Fig.  30a. — Elccuo-nugnel  of  Mordey  Allcruitlur. 

a'e  internal,  and  the  armature  iron  surrounds  them  in  a  cylindric  ring, 
which  carries  the  lines  of  force  from  the  north-seeking  poles  to  the  south- 
seeking  ones  on  either  side.  In  d  the  poles  carrying  the  magnetising 
coils  project  inwards  from  an  external  yoke-piece  which  surrounds  the 
whole  of  them,  and  the  armature  iron  is  placed  in  the  inner  central  space. 

In  another  type  worthy  of  notice  a  single  magnetising  coil  produces 
a  multipolar  magnet.  It  is  of  importance  because  large  machines  have 
been  built  with  electro-magnets  of  this  general  type.  Two  examples  are 
shown  in  Figs.  302  and  303.  In  Fig.  302  we  have  the  electro-magnet  of  the 
Mordey  Alternator.  The  magnetising  coil  can  be  seen  between  the  arms 
occupying  the  central  space ;  from  the  ends  of  its  core  rise  the  massive 
polar  projections  which  almost  enclose  the  coil  and  form  a  magnet 
with   eighteen   poles.    The  projections  on   either  side  very    nearly  meet, 
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Fig  303 — DeuiU  of  Electia-Bagnct 
with  "  Staggered  "  Pole*. 


and  the  object  of  the  design  is  ti>  produce  a  very  intense  field  in  the 
gap  between  the  opposed  faces  of  these  projections.  It  is  perhaps  need- 
less to  point  out  that  the  poles  on  one  side,  say  the  right-hand  side, 
are  all  of  one  polarity,  and  those  on  the 
opposite  side  are  all  of  the  other  polarity. 
Fig.  30;  is  even  more  curious.  For  clearness 
only  a  portion  of  the  magnet  is  shown  in 
this  figure,  the  complete  magnet  with  its 
thirty-two  poles  being  as  shown  in  Fig.  304. 
The  magnetising  coil,  the  position  of  which 
can  be  seen  in  Fig.  303,  is  wound  on  a  circular 
framework,  which  takes  the  place  of  the  core 
in  the  more  compact  forms.  From  either 
«ide  of  this  framework  unsymmetrical  polar 
projections  rise  alternately,  those  rising  from 
the  left-hand  side  having,  say,  north-seeking 
polarity,  and  those  which  rise  from  the  right-hand  side  having  south- 
seeking  polarity.  Poles  so  placed  are  technically  known  as  "  staggered  " 
poles.      The   iron  of  the  armatnre   is  not   shown,   but  it   will   be   readily 

understood  that  it  surrounds  the  polar  faces 
N  s  N  s  of  Fig.  303  in  much  the  same  way 
that  the  armature  iron  surrounds  the  pro- 
jecting poles  in  Fig.  301,  c. 

There  are  many  other  forms  of  electro- 
magnets designed  for  producing  intense  fields 
in  a  limited  space  ;  one  of  these  has  been 
already  illustrated  in  Fig.  263  in  connection 
with  the  experiments  on  diamagnetism,  and 
others  will  appear  in  the  sequel. 

Polarised  Electro-magrnets.— There  is 

another  widely  used  class  of  magnets  which 
consist  of  permanent  steel  magnets  with 
which  electro-magnets  are  combined.  Since 
the  pole  -  pieces  of  such  magnets  exhibit 
polarity,  due  to  the  permanent  magnetism 
of  the  steel,  when  there  is  no  current  in 
the  coils  or  solenoids  they  are  known  as  polarised  electro-magnets.  They 
are  very  extensively  employed  in  Telegraphy  and  in  Telephony,  though 
the  princinle  N  frequently  of  use  in  other  directions.  We  select  for 
illustratior  one  from  each  of  the  applied  sciences  named. 

F'g-  305  gives  two  views  of  the  Hughes  polarised  electro-magnet  as 
employed  in  thf  printing  telegraph.  The  permanent  magnet  consists  of 
four  strips  of  steel  of  horseshoe  shape,  highly  magnetised,  and  clamped 
together  to  form  a  single  magnet.      This   method    of    construction    (ttt 


Fig.  304 — ElectroHMgnM  «itl> 
"Staggered"  Polei. 


IW 


mm 


3+ 


Elktkiciiv  ts  THE  Seri'icf.  of  Ma.s. 


page  231   uivcs  a  'Stronger  in.tgiict  for  tlie  atnuunt  of  material  used   than 
if  this  matcrul  were  in   one  solid  piece.     On  the  ends  of  tliis  compound 

steel  magnet  are  clamped  sof* 
iron  pole-pieces //>  with  cylindrtc 
extensions,  which  form  the  cores 
of  the  magiietisiiijj  coils  of  the 
electro- magnet.  At  the  further 
ends  of  these  cores  there  are 
additional  pol.ir  extensions  and  a 
movable  bridge-piece  or  arma- 
ture a,  the  rapid  alternate  attrac- 
tion and  release  of  which  is  the 
object  of  the  arrangement.  With 
no  current  in  the  coils  a  is  held 
off"  the  pole-pieces  by  the  spring 
i,  forming  the  other  arm  of  a 
bent  lever.  This  spring  is  set 
just  to  coun'er-balance  the  puli 
due  to  the  permanent  magnet. 
In  this  position  it  is  very  sensi- 
tive to  the  additional  pull  due  to 
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a  small  current  circulating;  in  the  coils,  placed  on  the  ends  of  the  pole- 
pieces.  Profes>or  Hughes,  by  long  and  patient  research,  showed  that  this 
piling  up  of  the  coils  on  the  end  of  the  poles  gave  morf  nihiil  U'lrkiiig 
than  if  they  were  distributed  along  t  he  magnet.  In 
the  printing  telegraph  the  operating  current  only 
lasts  about  one-liinidredth  of  a  second,  and  there- 
tore  the   respoii-e  of  the  armature  must  be  rapid. 

A  tele|)honic  exaii'ple  i-  the  polarised  electro- 
magnet ot  th<;  old  (.  wer  !•,  lephone  shown  in 
I-'ig.  300.  The  pe-..iaui  iii  nui^ne*.  <us  i.-!  semicir- 
cular, the  ends  of  the  -teel  being  near  the  centre 
of  the  diameter  o^  the  tnicircle.  To  these  ■•  ids 
are  fastened  soft  ron  i^ile-pieces,  which  turn  at 
right  angle-  and  |noject  forwards.  The  coils  are 
wound  on  the  pole  pieces,  thus  following  Professor 
Hughes's  met  idol  construction.  The  armature  t's  3°" -P"!*""^'.'  '  ;-if>'!'^snei 
not  shown  m  !:ie  figure  consists  ot  an  iron  plate 

which  closer  tliL  box  and  forms  the  vibrating  diaphragm  of  the  telephone.    Its 
response  has  to  be  much  more  rapid  than  in  the  printing  telegraph  just  described. 

The  foregoing  descriptions  do  not  nearly  exhaust  even  the  chief 
fi-irnis  of  actual  electro-magnets,  but  they  deal  '.vith  the  !n.->re  imp-rtant 
type-,  and  well  illustrate  the  principles  involved.  Further  moditications 
used  \n  actual  practice  will  be  referred  to  as  occasion   requires. 
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s/.\/pr./-:  Mi:  iscNEMiiXTS  IX  coM/xr'ors  ccrrfxt 

CIRCr/TS. 

A  GKKAT  portion  uf  the  advaiKe  ol  electrical  silence  ilurinj;  the  last 
fiTty  years  ha*-  been  due  to  the  establishment  and  elaboration  ot  a  system  of 
exact  measurement  of  the  chict  quantities  involved  and  universally  recog- 
nised in  all  parts  of  the  world.  Although  ilifferent  individual  workers, 
er-pecially  <iauss  aiul  his  lolluwer>,  had  previously  tormul.ited  various  methods 
ot  measurement,  and  proposed  more  or  less  suitable  stand.irds  with 
respect  to  certain  magnetic  measurements,  the  work  of  internatiotial 
co-ordination  dates  from  the  appointment,  in  1S62,  t^v  the  British  Associa- 
tion of  its  Committee  on  Electrical  Standards.  The  work  of  this  Committee, 
carried  on  assidu<iusly  from  year  to  year,  the  results  being  i  iiihodied  in  a 
series  of  valuable  annual  reports,  eventually  secured  the  i  o-operation  of 
leading  scientists  abroad,  and  the  joiiu  results  obtained  and  suggestions 
put  forward  were  formally  adopted  after  careful  c<  !isideration  at  different 
international  congresses  called  for  the  purpose.  Tiie  progress  of  science 
m.iy  in  the  future  require  the  modification  and  extension  of  some 
ol  the  decisions  thus  oflicially  adopted,  but  meanwhile  th'*  advantages 
to  science  of  their  widespread  recognition  and  practicii  u>c  have  been 
incalculable.  It  is  therefore  essential  in  considering  the  services  rendered 
by  electricity  to  mankind  that  the  reader  should  have  a  clear  grasp  of 
the  essential  simple  principles  involved  in  these  measurements  and  in 
the  construction  of  the  diverse  and  beautiful  in--truments  by  which  they 
are  made.  In  this  chapter  we  propose  to  deal  with  some  of  the  units 
and  f'le  simple  methods  of  measurement  of  most  frequent  use  in  con- 
nection with  continuous  current  circuits. 


I. — QUANTITY    OF    KI.Ei  TRICITY. 

Voltameters. — In  dealing  with  the  chenncal  effect  of  the  electric 
current  we  have  already  pointed  out  (page  195)  that  Faraday's  laws 
of  electrolysis  form  the  simplest  basis  for  measuring  the  total  quantity 
of  electricity  that  has  passed  any  given  point  in  an  electric  circuit 
during  the  continuance  of  the  current,  provided  that  the  current  has 
always  flowed  in  the  same  direction.  The  practical  unit  in  which  such 
a  quantity  of  electricity  is  measured  is  known  a^  the  <o;//ow^,  and  we 
rejieal  here,  lor  con\enience  oi  reference,  tiic  eiectr<iiytin  detinition  of 
the  coulomb  previously  given. 

Definition  of  Unit  Quantity  of  Electricity.— 0//c  coulomb  ts  that 
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quanlily  of  tlectricity  which,  passing  in  a  dttiuttt  ditecti'in  tlitougk  a  sihfr 
vtltamflfr,  dt-bnsits  otioiliS  of  a  gram  of  silver. 

The  silver  voltameter  referred  tu  in  the  dcfiniliuii  is  a  simple  piece 
of  apparatus  which  may  conveiiiently  be  constructed  as  shown  diagrnm- 
maticaliy  in  Fig.  307.  A  shallow  dish  K  K  of  thin  pluiinum  rest>  on 
three  metal  pins  mmm,  and  forms  the  kathode  of  the  voltameter,  the 
metal  pins  being  joined  together  by  wiri;s  connected  i"  the  wire  b.  The 
atiode  is  a  thick  plate  a  of  silver  suspended  by  a  strip  s  of  silver  cut  out 
of  the  same  sheet  and  bent  up  and  connected  tn  the  wire  a.  The  platinum 
dish  is  nearly  filled  with  a  solution  of  pure  sii  er  nitrate,  and  when  a 
and  b  are  connected  to  the  positive  and  negative  ends  of  the  circui*: 
respectively,  the  current  passes  from  the  plate  a  to  the  dish  kk  through 
the  electrolyte.  In  accordance  with  the  laws  of  electrolysis  already  explained, 
silver    is    dissolved    oft    a     and    is    deposited    on    k  k,    the    amount    of 

silver  either  dissolved 
or  deposited  being 
theoretically  a  measure 
of  the  total  quantity 
of  electricity  passing. 
In  practice,  probably 
because  of  secondary- 
chemical  actions,  more 
accurate  results  are 
obtained  by  weighing 
the  quantity  deposited 
on  KK  than  by  ascer- 
taining the  amount 
dissolved  of}'  a. 

Several  precautions 
arc  necessary  :  the  plate  a  should  be  wrapped  in  blotting  paper  to  prevent 
silver  oxide  from  falling  on  to  k  K  and  being  weighed  with  it.  Then 
agani,  an  adherent  depo.-,it  should  be  obtained  which  can  be  readily 
wasned  without  loss.  Theoretically  the  rate  at  which  the  .-ilver  is  deposited 
is  immaterial,  but  in  practice,  if  the  current  density,  that  is,  the  number 
of  amperes  per  square  inch,  be  too  great,  the  silver  may  be  deposited 
in  a  powderj'  or  a  non-adh;rent  form  which  could  not  be  washed,  dried, 
and  finally  weighed  with  any  degree  of  accuracy.  A  current  of  about 
one-sixtli  of  an  ampere  per  square  inch  of  kathode  surface  gives  good 
results,  and  this  density  should  not  be  very  much  exceeded.  The  washing, 
drying,  and  weighing  of  the  dish  K  K  both  before  and  after  the  deposition 
of  the  silver  must  be  carefully  done.  The  strength  of  the  solution  of 
silver  nitrate  may  vary  within  wide  limits,  but  a  solution  of  ao  grams 
of  the  salt  in   100  cc.  of  pure  water  gives  good  results. 

The  difference  in  the  weights  of  k  k  before  and  after  deposition  give* 
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the  weight  of  silver  deposited,  and  then  the  quantity  of  electricity  measured 
can  be  found  by  dividing  this  weight  by  0001118,  or 

weight  of  silver  deposited  igrammM) 
Quantity  in  coulombs  = '  0001118. 

A  copper  voltameter  is  less  expensive  .un  a  silver  one.  and  accurate 
results  can  be  obtained  with  it.  It  can  be  nude  by  placing  two  sheet* 
A  and  K  (Fig.  308)  of  pure  copper  about  half  an  inch  apart  in  a  solution 
of  copper  sulphate.  One  of^ 
these,  A,  the  unode,  may  be  * 
fairly  thick,  as  it  is  not 
necessary  to  weigh  .  and 
it  will  be  partly  diss*  ved 
when  the  curreiit  passes. 
The  other,  k,  the  kathode, 
should  be  as  thin  u  possible, 
both  because  it  will  increase 
in  thickness  as  the  copper 
is  deposited  on  it  and  also 
because  its  increase  of 
weight  will  be  used  to  cal- 
culate the  coulombs  of  elec- 
tricity,  and  any  increase  will 
be  more  accurately  ascer- 
tained with  a  light  plate 
than  with  a  heavy  one. 
The  current  must,  of  course, 
be  passed  through  the  volta- 
meter from  the  anode  to  the 


Fn;.  JO*.— A  Copper  Voltameier, 


kathode,  and  great  care  must  be  exercised  in  cleaning  ana  drvmg  th* 
kathode  when  it  has  to  be  weighed,  that  is,  before  and  after  the  passage 
of  the  current,    ""he  quantity  of  electricity  that  has  passed  will  be  given 

^                                 ,       ^        weiizht  of  copper  deposited  (grammes) 
Quantity  in  COUlombS=  — ^ -^6o6Jl6, ' 

since  0000326  gramme  is  the  ele.:''-o<hemical  equivalent  of  i.v/pper  or 
the  quantity  deposited  by  one  coulomb. 

In  a  copper  voltameter  an  adherent  deposit  can  be  procured  with 
a  much  denser  current  than  is  safe  with  a  silver  voltameter,  i-or  copper 
the  current  may  be  as  large  as  half  an  ampere  per  square  inc'i  ^i  kathode 
surface.  There  is  a  drawback  which  affects  high  accuracy  m  the  occa- 
sional solvent  action  of  the  inltsf.nn  on  the  copper  plates-  This  can  be 
overcome  by  careful  preparation  of  the  solution,  ar.d  especially  by  expel- 
ling the  dissolved  air. 

It  is  possible  to  use  other  kinds  of  voltameters  for  the  meas-  » 
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of  quantities  of  titctricity,  but  n;  each  case  the  proper  electro-chemical 
equivalent  of  the  ion  eiectroly.'-ed  must  be  employed  in  the  subsequent 
calculation.  A  table  of  these  electro-chemical  equivalents  has  been  given 
on  page  iq6.  Some  fr.irly  accurate  gas  voltameters  have  been  devised, 
in  which  the  gases  evolved  in  the  decomposition  of  water  are  measured 
and  the  coulombs  calculated  from  this  measurement. 

Ballistic  Method. — In  practical  applications  it  is  frequently  necessary 
to  measure  accurately  quantities  of  electricity  whose  magnitude  is  only 
a  very  small  fraction  of  a  coulomb.  An  inspecti<m  of  the  table  of  electro- 
chemical equivalents  will  convince  the  reader  that  the  accurate  measurement 
of  so  small  a  quantity  as,  say,  the  ten-thousandth  part  of  a  coulomb  wouli 
be  impossible  by  electrolytic  methods,  as  the  weight  of  metal  deposited 
would  be  almost,  if  not  quite,  inappreciable.  In  these  cases,  however, 
the  electricity  to  be  measured  can  usuallv  be  so  ilealt  with  that  it  can 
be  passed  almost  instantaneously  through  a  'uitable  galvanometer,  the 
result  being  that  the  movable  part  of  the  galvanometer  receives  an 
impulse  the  effect  of  which  can  be  measured.  This  eflfect  then  becomes 
a  measure  of  the  quantity  of  electricity  that  has  passed  through  the 
mstrument.  The  details  of  this  method,  which,  for  reasons  that  will 
appear  in  due  course,  is  known  as  the  ballistic  method,  will  be  more 
conveniently  considered  in  a  later  section  after  the  principles  underlying 
the  use  of  galvanometers  and  the  details  of  construction  of  typical  instru. 
ments  have  been  described  and   explained. 

II. — F.i  KiTKir    CUKKENT. 

Voltameter  Measurement. — The  measurement  of  the  magnitude  of 

an  electric  current  can  be   made   by  means   of  a  voltameter,  provided  the 

current  be  perfectly  steady  or  liable  only  to  such  fluctuations  as  may  be 

disregarded  for   the  particular   purpose  in   view,   in  which   case  the  mean 

value  of  the   current    can    ht    measured.     As   we   have   already   explained 

(page  iSo),  the  cur'ont  is  the  quantity  per  second  passing  any  cross-section 

of  the  circuit,  and  the  two  are  therefore  connected  by  'he  relation: 

uuantitv 
Current  =  -    .     — ^ 
tune, 

or.  gi\ing  names  to  the  units, 

quantity  in  COUlombS 


Current  in  amperes  =- 


time  in  seconds. 


If,  therefore,  the  quantity  in  coulombs  is  measured  by  the   methods  just 

described  an('  a  note  made  of  the  e.xact  time  taken  to  deposit  the  metal 

on  the  kathode,  the  mean  value  of  the  current  can  be  easily  calculated. 

Thus,  suppose  a  steady  current  is  found  to  deposit  one  pound  of  copper 

in  cne  hour,  then,  since  a  pound  is  equal  to  4536  grammes,  the  quantity 

of  electricity  is  , 

-'  4;^o 

•ooo»2t  ~  '•"''•°*^  coulombs  (nearly). 
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But  since  there  are  5,600  seconds  in   an    hi)iir,  the   value   of  tlie  current 
must  be 

1,^01,000  „  /  1     V 

-^^—  =  3Sf)  amperes  (nearly). 

The  objection  to  this  method  of  nn-asurcmcnt  is  that  it  i'.  indirect 
•nd  docs  not  give  any  indication  of  the  magnitude  of  the]  current  whilst 
it  is  flowing.  It  is  only  when  the  necessary  washings  and  we-ghings 
have  been  completed  that  :he  value  of  the  current  can  be  a-certained. 
It  further  follows  that  the  method  gives  no  indication  as  to  whether  the 
current  has  or  has  not  changed  in  value  whilst  the  elcctnlxsis  was  in 
progress. 

We  thus  see  that  the  iliemical  effect  is  not  of  much  use  for  ilit  measure- 
ment of  the  current  strength  except  lor  standardising  purposes.  The 
ihermul  effect  is  still  less 
available,  for  it  also  is  cumu- 
lative, and  the  accurate 
measurement  of  quantities 
of  heat  is  a  difficult  opera- 
tion. The  thermal  effect 
can,  however,  be  used  in- 
directly, as  we  shall  see 
later. 

On  the  Oilier  hand,  the  y^ 
magnetic  effect  is  emineiitly 
suitable  for  indicating  and 
measuring  the  value  of  the  current  from  iii-t.ml  to  instant,  provided  the 
fluctuations  are  not  very  rapid,  though  even  for  moderately  rapid  tluetua- 
tions  the  difficulties  of  following  the  \ari.itions  have  been  ingeniously 
overcome  in  modern  oscillagraphs. 

Galvanoscopes  and   Galvanometers.— These   names  are   given  to 

the  instruments  which  indicate  the  exi>tence  of,  or  measure  the  lu.ignitude 
of,  a  current  bs  means  uf  its  mai;vetic  etiect.  When  the  direi-tion  and 
approximate  strength  of  a  current  Only  are  required,  very  simple  pieces 
of  apparatus,  known  under  the  name  of  f^ii/fanrisio/ies,  an  used.  To 
estimate  roughly  the  strength  of  a  current,  the  simple  instruiiKiit  shown 
ill  Fig.  3oq  is  sometimes  used  ;  it  consists  of  a  wooden  frame  which  carries 
a  few  turns  of  a  thick  wire,  and  is  sometimes  called  a  iiuiitipiier.  The 
frame  encloses  a  pivoted  magnetic  needle  whi  li  can  be  deflected  bv 
the  current,  the  deflection  being  rtiughly  read  oft  mi  the  gr.idu.iied  card 
below. 

A  more  sensitive  instrument  is  the  vertical  galvaiK'^cupe  (I'ig.  ''lo). 
Hce  two  magnets  u  s  and  i' «' are  pl.iced  par.illel  to  each  other,  so  that 
tne  north  pole  of  oiifj  is  opposite  the  south  pole  ot  the  other.  Such  an 
arrangement  of  the  needles  is  known  as  astatic.     The  needles  are  rigidly 
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attached  to  a  horizontal  axis  which  is  a  little  above  their  centre  of  gravity, 
so  that  they  stand  vertically  when  no  current  is  passing  through  the 
woils.     When    the  current    passes   the   needles  are   deflected  towards   the 

horizontal,  but  gravity  causes  them 
^gFJ^^^^_  to  set  in  some  intermediate  posi- 
'f^S^TIf '  tion   depending  on   the   strength 
of  the  current. 

To  measure  very  weak  cur- 
rents and  take  accurate  readings, 
thii  instrument  is  not  sufficiently 
sensitive,  and  the  instrument 
originallj'  employed  for  these  pur- 
L. -Ty^  "^_'7g— J>^  posts  is  a  further  development 
Ti,   V  .!„i'?i"   ».       '*=^  of  the   multiplier,   known  as  the 

Fii:.  310— The  Vertical  G«lvano«rop«.  i  ' 

astatii  gahanomclfr  (rig.  311). 
It  usually  has  two  coils  which  may  he  connecte'l,  so  that  the  sar.i  current 
goes  round  both  in  the  same  direction  or  in  dilTerent  direction.,  or  they 
may  be  used  sepa- 
rately. The  frame  for 
the  coils  and  the  astatic 
pair  of  needles  are 
shown  separately 
drawn.  The  frame 
with  the  coils  is 
fastened  upon  a  liori- 
zont;il  ni.'tal  disc, 
whic''  moves  upon  the 
bntom  plate,  an^l  is 
maintained  mi  a  hori- 
zontal position  by 
means  of  three  level- 
ling screws.  The 
screw  s  IS  Icr  clamping  " 
the  disc  with  the  coils 
in  position  when  ^ 
t!ie  zero  of  the  scale 
is  brought  into  the 
magnetu-  meridian.  A 
vith    about    100    turns 


"'"^^isglS-^'* 


Fig.  311.  — The  Astatic  CaK-annmeter, 


usual  arrangement  is  to  wind  one  of  the  coils 
and  the  other  with  about  10.000.  The  four 
binding  screws  p  to  u  are  in  connection  with  the  ends  of  the  two  coils. 
The  needles  are  hung  from  the  metal  support  e  k  g,  and  can  be  adjusted 
vertically  by  the  ^crew  k,  which  is  for  the  purpose  ot  raising  or  lowering 
the  needles.  The  mirnlKT  of  turns  wiiitii  shoul.l  be  wound  upon  the 
coils  ot   a  galvanometc'    of  this    type  depends  cntir  'y  upon    the   purpose 
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for  which  it  is  to  be  uicd.  Wlieii  u-.cil  in  a  circuit  ot  btn.ill  resistance, 
fewer  turns  of  wire  will  sulFice,  vhiNt  when  us.h1  with  ureit  resistance  a 
coil  of  many  turns  has  to  be  uscJ. 

In  this  instrument,  which  is  typical  of  a  iiuriiirously  rcpiescnted  class, 
it  will  be  noticed  that  the  coils  form  a  solenoid  of  many  lavcrs  and  turn* 
of  wire,  and  that  when  a  current  is  passed  through  this  wire  a   magnetic 
field  will  be  set  up  in  the  core  of  the  solenoid  proportional  to  the  ampere- 
turns  (see   page  :8i).     Since   one  coil    has   about    lOO   times   the   number 
of  turns   on    the   other,   a   certain   current    in   this   coil    will   produce   the 
same  strength  of  magnetic  tield  as  a  cur:ent    icx3  times   as   great   in   the 
other  coil.     The  range  is  therefore  considerable.    The   lower  needle  n'  / 
of  the  astatic  couple  is  placed  in  the  core  j  t  of  the  solenoid,  and  is  acted 
upon   by    the   magnetic   field   according   to   l;;ws   already   explained.     The 
upper  or  reversed  needle  u  s  is  acted  on  by  the  return  field  outside  the 
solenoid,  and  since  both  the  field  and  the  needle  are  reversed,  the  direction 
in  which  this  needle  tends  tc  rotate  will  be  the  sam>-  as  that  of  the  lower 
needle,     iloth   needles  are   therefore  rotated   by  the  current  in  the   same 
direction.      But  the  needles  are  also  under  the  influence  of  the  horizontal 
conponent  (see  page   38)  of  the  earth's   niaRnetic  field,   which   tends   to 
hold  them  in  the  zero  position,  that  is,    in  the  magnetic   meridian.     The 
actual  position  taken  up  will  be  that  in  which  the  turning  effects  of  the 
two  fields  are  balanced,  a  id  in  this  position  the  needle  will  come  to  rest. 
The  deflection  so  ob   lined  will  obviously  increase  with  increase  of  current, 
but  it  wouid  be  vuon,^  to  assume  that  the  deflections  are  proportional  to 
the  current.     Thi^   •'hould  be  carefully  borne  in   mind    in    using   such   an 
instrument.     It  niu',    be  noted  that  the  restoring  effect  of  the  e..rth's  field 
is  diminished  o  i    .iccniint  of  the  reversal  of  one  of  the  magnetic  needles, 
although  this  re  cr=al    increases  the  deflecting  effect  due  to  the   current's 
field.     Both  results     iierefore,  tend  in  the  direction  of  greater  sensitiveness. 

The  astatic  gilvanometer  described  was  invented  by  Nobili,  and  was 
used  by  him  in  his  classical  researches  on  radiant  heat.  It  is  sufficiently 
sensitive  for  a  wide  rat'ge  of  electricil  exfK'riments,  some  of  the  more 
common  and  fund;iHK'ital  of  which  we  shall  deMribe  presi-ntly.  We 
postpone  to  a  later  section  the  description  ot  the  ni«re  sensitive 
and  more  modern  galvanomet;T?. 

Large  Current  Galvanometers.  -The  .i?tatic  galvanomeier  is  only 

suitable  for  the  direct  measurement  of  small  currents,  such  as  were 
generally  used  before  the  development  of  heavy  electrical  engineering  in 
the  last  thirty  years.  This  development  has,  however,  created  a  wide- 
spread demand  for  instruments  of  preci-.ion.  capable  of  measuring  accu- 
rately the  much  larger  currents  and  voltages  than  were  met  with  in 
telegraphy  or  any  of  the  early  applications  of  electricity  to  the  service 
of  man.  Moreover,  the  varied  and  special  conditions  under  which  the 
instruments  have  to  be  used  have  reacted  >n\  the  designs,  with  the  result 
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that  tliLTe  IS  available  to-day  a  great  variety  of  instruments  for  all  kinds 
of  electrical  nieas  iitinciits,  and  tlie  list  is  being  tontiiiually  added  to.  In 
this  part  ct  the  book  we  shall,  however,  only  deal  with  the  principles 
involved  as  ilkist raited  bv  typical  instruments  of  historical  interest,  leaving 

to  the  later  section  the  description  of 
some  of  the  leading  instruments  in  use 
at  the  present  time. 

.tmiiiftft s  and  I'lAtmfUrs. — When  first 
lar;;e    currents    and    potential    difTcrences 

began  to  come 
into  common 
use,  the  want 
of  convenient 
names  to  de- 
scribe the   in- 

hiC.  312.— OepreA  GilvinoiMter  far  Ijiige  Curr.iilv  »trUII>cntS     de- 

signed      to 

measure   them    soon    made    itself    telt.      Such    instruments  arc    essentially 

galvanometers,  but  this  latter  teim  is  not  sufficiently  distinctive.  Pro- 
fessors Ayrlon    and    IVrrv,   iheiclore,   proposed 

the    term    "Ammeter"    (a   contraction    of    the 

word    ampere  meter)   for  the   instruments    that 

measure    heavy  current-,  and  "Voltmeter"  lor 

those   which    measure   the   corresponding  {ire«- 

sures.     These  terms  .ire  now  vcrvgotier.illv  i>e(i 
The   special    feature   which 

distinguishes  such   instninunts 

from    till-    more    sensitive    gal- 

\anometers,    .ind     the    feature 

which   so    jirotoundly    modifies 

the  design   as  to  ahcr  entirely. 

Ml  most  ca»e>,  the  m.iiii  details 

of  con-iniction,  is  the  fact  that, 

with   the   larger  currents  .ivail- 

able.tlu-  iiiechanic.il  fon.e-i..illcd 

into   pl.iv,    though    '■till    small, 

are  such  as  can  be  more  readily 

gauged  .ind    mea-urcd   than    can   the   alnio-t    intiniteMm.il    loices   acting   in 

tile  mote  -en.sitive  iii-trumeiits.     This  w.is  mk.ii  realised   by  inventors,  and 

Its  inllueiic-  is  shown  e\eii    in  the  early  instruments. 

The  e.irhest  one  on  record  is  Deprez's  galv.inometer  for  laige  currents, 
represented  in  Figs,  xx2  and  ;-i,!,  in  which  h  is  a  steel  hor.seshoe  m.ignet  ; 
K  a  wooden  Ir.ime,  which  tarries  a  c<ipper  band,  and  several  windings  of 
wire   D.      <>iie     >t    .1    bin.iiiig  screws  k   is   in   ..oimeaioii   with  the   copper 
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band,  anil  the  ether  hiiuhng  ^itow-.  k,  .itc  iii  LDiiiicctioii  with  the  coil 
of  filler  wire.  Insiilc  the  tr.iiiu-  i>  a  sott  iron  pl.ite  s,  whi>.h  h.i>  ten 
incisions  on  each  side,  and  iiM\c-i  round  a  iiori/ontai  ,ixis  upon  two 
knife  edges.  One  ot  tlicsc  knite  iil;;c-.  is  seen  at  a  in  I-'ij;.  j:i;.  The 
parts  of  S  become  tna^'iietised  hy  induction  of  the  permanent  m.ignet, 
and  whenever  an  electrical  current  flows  round  them  tliey  are  deflected 
from  their  position  of  re->t  bv  the  vertical  tield  set  up  hv'  the  current. 
When  the  galvanometer  h,is  no  current  the  little  weight  i.  helps  to 
bring  the  iron  plate  b.ick  inti>  its  tirst  iu)sition.  The  motion  ot  the 
plate  is  indicated  by  the  pointer  /,  which  moves  along  .ne  scale  r.  To 
make  it  more  convenient  tor  use,  the  instrument  was  usuallv  giiiged 
in  amperes  ;  that  is  to  sav,  it  was  determined  by  e.vperiments  in  what 
proportion  the  divisions  on  the  ^cale   ^land  t'l  an  ampere 

The  earliest  form  of  the  galvanometer  or  aiiiineter  o|  Ajrton  and  Perry 
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Ammeier. 
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also  gave  ilircct  leadings  in  amperes.  A  ver\  liglit  magnetic  needle  c 
\Fig.  ;.I4)  could  move  freely  in  the  niagiietic  field  f)rmed  by  the  pole-pieces  N 
and  s  of  the  magnet  \  n.  The  two  co;  u  n  con.-isted  each  of  ten 
wires,  and  were  so  arr.iiiged  that  e.icli  deilectioii  ol  the  needle  was 
directly  projiortional  to  the  >trength  of  the  mrrent.  The  wires  were 
in  connection  with  a  cslinder  h.ivni';  conl.i;.;  springs  iFi^.  ;!;).  By 
simply  turning  this  cylinder,  the  uii  sei)arate  circuits  ol  the  instrument 
could  be  arr.mged  either  in  seiic^  or  pai.ille!  The  instiumeiu  was 
very  sensitive,  and  Wa>  also  easily  gradu,ited  at  any  time.  In  both 
Deprez's  and  As  rtou  and  I'eiry'-  instruments  the  inltiiciice  of  the  earth's 
m.igiietism  is  reduced  to  a  minimum  hv  h.uiiig  the  iicrdh'  in  .1  strong 
independent  magnetic  lield.  Ayrton  .ml  Peiiv  >  .n-triuted  a  voltmeter 
on  a  similar  principle  to  that  of  their  ammeter  file  difference  was  that 
the  voltmeter*  had  coiU  of  400  ohms  resistance,  ,iiid  nie.isured  tlii 
•  The  iiic'IihI  of  umiij;  a  (;.il\.in  .tiitr'.cr  is  a  voluiiclcr  will  be  cxi'Umc.l  \.U?r.     ['^^  psg-'    j-j  ) 
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difl'erence  of  poiciiti.ils  between  two  point,  in  volts,  whereas  in  tlie 
ammeter  the  r<.^istanLe  in  M-ries  was  about  03  olnn  and  in  parallel  O'OOj, 
the  latter  beiiiK  more  than  one  hundredth  of  the  former,  in  consequence 
ot  the  resistaiiic  of  the  small  leading  wires  inside  the  instrument. 
The  anmieter  was  calibrated  in  series  .-Mid  generally  used  in  parallel 
circuit,  whereas  the  voltmeter  was  calibrated  in  parallel  circuit  and  used 
generally  in  series,  and  then  indicated  from  I  volt  per  degree  in  some 
instruments  to    5   volts  per  degree   in   others,    the  total    deflection  of  45" 

in  the  latter  case  being 
obtained  with  225  volts, 
nut  just  as  the  ammeter 
could  be  conveniently 
used  in  series,  when  test- 
ing the  comparatively 
small  currents  passing 
through  a  i-ingle  incan- 
descent lamp,  so  the  volt- 
meter could  be  used  in 
parallel  circuit  for  testing 
electro  -  moti%'e  forces  o( 
two  or  three  volts,  such 
as,  for  example,  the  elec- 
tro-motive force  of  one  or 
two  Faure's  accumulators. 
To  calibrate  the  volt- 
meter, the  commutator 
was  turned  to  parallel, 
so  that  the  resistance  of 
the  instrument  was  4 
ohms,  and  a  cunent  was 
sent  through  the  instru- 
ment by  a  cell  of  known 
electro- motive  force  E, 
but  of  unknown  resistance,  producing,  say,  a  deflection  of  n, ;  the  plug 
attached  to  the  instrument  was  now  taken  out,  which  had  the  efT«ct  of  adding 
a  resistance  of  4  ohms  to  the  circuit,  and  a  sc.ond  deflection  n,  was  obtained. 

From  this  it  can  easily  be  proved  that  a  potential  difference  of  10  x  ^'~~^'  . 

D,  D. 

volts   between  the  terminals  of  instrument  would  produce  a  deflection  of 
10°  when  the  commutator  was  set  to  parallel,  or    1°  when  set  to  series. 

The  instrument  just  described  was  afterwards  improved,  but  was 
eventually  replaced,  for  many  purposes,  by  an  entirely  diflPerent  type 
designed  by  the  same  inventors,  known  either  as  the  "  Solenoid  Ammeter  " 
or  the  "Magnifying   Spring  Ammeter."     Ii  is  shown    in    Fig.    7\(y,  whilst 


l-JK.  31&.— Ayrton  and  Pcrry'i  "Magnifying  Spring**  Anmeter. 
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♦he  spiral  spring  used  in  it  is  shown  separately  in  V\g.  317.  Thi» 
form  of  spring  has  the  properly,  first  pointed  out  by  Professors  Ayrton 
and  Perry,  that  if  one  end  be  fixed  and  the  other  be  free  to  turn,  for 
a  small  extension  of  the  spring  there  is  a  comparatively 
large  proportional  rotation  of  the  free  end.  It  is,  there- 
fore, well  adapted  for  magnifying  a  small  lateral  extension 
into  a  large  rotational  deflection. 

In  Fig.  316  such  a  spring  s  is  attached  at  its  up|>er 
«nd  to  the  milled  head  h,  and  hangs  freclv  down.  At 
its  lower  end  is  attached  a  cap  c  which  supj)orts  a  soft 
tron  tube  T  T,  the  upper  end  of  which  carries  an  alu- 
minium pointer  which  moves  over  a  gr.iduated  scale ; 
T  T  IS  quite  free  to  rotate  with  the  lower  end  of  the 
spring.  The  current-carrying  conductor  is  v;<>  nd  in  the 
space  w  w  outside  the  tube,  in  the  foriii  1  solenoid, 
of  which  the  tube  and  spring  form  the  vert  .  J  axis.  On 
a  current  passing  through  this  solenoid  the  soft-iron  tube 
is  sucked  downwards,  thus  stretching  the  spiral  spring  and 
causing  its  lower  end  to  rotate.  The  amount  of  rotation 
is  indicated  by  the  pointer  on  the  dial.  The  scale  below 
the  pointer  can,  therefore,  be  marked  with  either  the 
amperes  or  the  volts  cc!res[>onding  lo  tht.  \.irious  deflec- 
tions of  the  pointer,  according  as  the  instrument  has  been  wound  for  an 
ammeter  or  a  voltmeter. 

A    type    of    electro-magnetic  ammeter    or    voltmeter    which    is    very 
widely   used   is  that  in  which   the  controlling  force  counterbalancing  the 

action  of  the  current  is  due  to  gravity. 
An  early  and  good  form  of  such  an  in- 
strument,   designed     by    Messrs.    Nalder 


Fig.  3i7.-?prinf  irf 
AmfflClcr. 


Vif;    ^t8.-.-Nilder*t  Gravity  Anmetcr. 


F'K.  3i9>— Dcui'i  of  NaM<r'i  Granty  Ammtttr. 


Brothers  and  Co.,  is  shown  in  Fig.  318,  whilst  the  details  are  depicted 
in  Fig.  319.  A  light  pointer  /  pivoted  on  an  axle  a  carries  at  its  shorter 
end  a  small  bundle  n  of  soft-iron  wires.  These  wires  project  backwards 
into  the  hollow  core  e  c  of  the  coil  of  the  solenoid  b  b.     When  a  current 
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pai->cs 


through  tlif   solciioiii  a  lu.iKiictic  ticKl  ii  set  up  in   the  core-spaie 


Ni)w   a 


piece 


cc,  which  i-<  stronger  at  the  edges  lliaii  along  the  axis 
of  solt  iron  in  a  non-uiiiforni  magnetic  field  always  tends  to  move  towards 
the  strongest  part  of  the  field.  Neither  the  axle  a  nor  the  wires  «  are 
at  the  axis  of  the  solenoid,  and  they  are  so  arranged  that  when  the 
magnetic  field  is  set  up  the  wires  u  are  free  to  move  towards  a  stronger 
part  of  the  field  in  such  a  way  that  the  pointer  /  deflects  to  the  right. 
This  action  is  assisted  by  a  small  bundle  of  iron  wires  fixeil  close  to 
the  position  of  rest  of  w  so  as  to  repel  n  when  magnetised  by  the  field 
of  the  solenoid.  The  pivoted  system  is  so  balanced  that  when  the  in- 
strument is  set  up  in  a  vertical  position,  uith  no  current  passing  through 
it.  the  pointer  p  stands  opposite  the  zero  of  the  scale.  When  the  current 
passes  /   is   displaced  from    its   bal.mced    position,  to  which  gravity  tends 


to    restore   it.      Under    t' 
a    position    which    depe.  ■■ 


C.\ 


-^ 


conflicting  influences  the  pointer  takes  up 
■  the  current  in  the  solenoid  bb,  and  the 
mark  on  the  scale  indicates  either  the  ampere* 
passing  through  the  coil  in  the  case  of  an 
ammeter,  or  the  volts  causing  the  current  in 
the  case  of  a  voltmeter. 

Many  other  kinds  of  instruments  have 
arious  forms  of 
or  electro- 
magnets, have  been  used  to  counterbalance 
the  effect  of  the  current.  Some  of  these 
now  in  common  use  we  propose  to  describe 
in  the  later  section,  where  we  shall  also  allude 

two   iiuiirtct    methods  of  measuring   large   currents  which  are 

in  heavy  engineering  work. 


Xj        J1__^_ been    designed    in    which    variou 

y       I/,  Y       " '        spiral    springs,  or   of   permanent 
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to   one   or 
convenient 

Shunting  Galvanometers. — In  nicasuring  small  currents  it  frequently 
happens  that  a  galvanometer  is  much  too  sensitive  for  a  particular  experi- 
ment ;  in  other  words,  its  sensitiveness  is  such  that  if  the  whole  current 
to  be  measured  were  pas>ed  through  it  the  moving  part  would  be 
driven  violeiitiv  against  the  stops,  and  the  instrument  would  be  damaged. 
In  this  case  the  principles  explained  at  j'age  iH-  are  takeri  advantage  of, 
and  only  a  fnctioii  of  the  current  is  passed  through  the  galvanometer  g, 
the  remainder  being  sliioiU-d  past  it  along  a  shunt  or  by-path  j  placed 
Across   the   terminals  of  the  instrument,  as  shown  in  Fig.  320. 

If  necessar\-,  the  ratio  of  the  total  current  in  ir  to  the  current  passed 
through  the  galvanometer  G  and  measured  can  ea--ily  be  tViund,  provided 
we  know  the  rei.'iive  resistances  of  fi  and    s.      Tims,  il  tiie    resistance   01 

I   be    -th  the  re^ist.uice  ot  c,  tlu-  current  throus/h   5  will  be  n   times  the 


tl 

current 
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current 
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main    circuit)    will 

the    current     in 
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The   path   s  is  said    to    be    a  'Shunt"   on,  or    in   "  parallel "   with,   the 
path  o. 

Cross  Shunts.— I"  electrical  work  more  complicated  ariangcmenti 
often  become  necessary  both  for  practical  and  ex|)erimciital  purposes. 
To  understand  thes-!  arrangements  more  ck-.irlj-,  we  >liall  again  have 
recourse  to  the  analogy 
ol  th»;  flow  of  watti  in 
)ipes  alreaily  used  in 
pages  iHo  to  iS'«.  Lot 
Figs.  .^21,  32;,  anil  izx 
represent  three  different 
systems  of  pipes.  In  each 
of  the  three  figures  water 
flows  from  i»  in  the  direc 
tions  of  the  arrows,  by 
two  pipes  through  which 
it  can  flow  to  c ;  the 
greatest  amount  of  water 
will  enter  into  the  branch 
pipe  with  the  greatest 
tross-section  because  it 
ofTers  the  least  resistance. 
The  quantity  of  water 
flowing  at  c  into  the 
outlet  pipe  will  be  equal 
to  the  quantity  of  water 
entering  at  «*,  and  the 
total    amount     of    xvater 

flowing  through  a  b  c  and    

a  d  c  will  be  equal  to  the   ;        ^ 

amount   of  water    in    the   j^ 

undivided  pipe.  In  Fig. 
321  the  water  flows  in 
the  direction  of  the  great 
arrow  to  a.  where  it  finds 
two  pipes  exactly  like  each 
other,  a  b  c,  a  dc.  The  water  will  be  equally  divided  here,  and  through 
each  pipe  half  of  the  original  amount  will  flow  The  pipe  b  d  connects 
a  b  c  with  a  d  c,  and  we  have  now  to  enquire  how  the  water  will  flow  in  b  d. 
The  ,ater  flowing  along  a  h  and  a  d  fiiuis  at  I  and  at  d  the  same  con- 
ditiL.ns  ab  to  pressure.  The  pressures  from  b  to  ,/  .■iid  from  (/  to  b  oppose 
each  othet  and  thus  remain  in  equilibrium.  The  watci 
then  31  resi,  because  the  resistances  in  a  b  c  and  a  d  - 
the  point',  b  and  d  in  the  same  proportion.  For  the 
23 
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water  m  i,  a  (F.r  ,,;)  will  remain  at  rot,  ahl,.,uKli  the  pipes  «  *  c  and 
ma  c  are  here  different  from  those  of  the  previous  figure,  and  ofTer  . 
d.flrerent  resistance.  The  ratio  of  the  resistance,  of  the  part*  of  pipe, 
to  each  other,  however,  rcnains  the  same  as  in  the  former  case  The 
condmnns   will,    however,  he  altered   in  the  arrangement   shown    in    Fig 

f  •'■•,•  .''■    !^"''  ''•'^"  '^'''''''■'  ="  "  '""•   '**■"  ""'^'l"^''  ^"rrents.  the  larKc^ 
of  which,  a  d   arrives  at   ,/,  uliero  it  meets  a  much  smaller  pipe,  ofTerL 

d  fbc?":  7T^-  ,""■  ''T"'"   "'"    '""•^  ^^■^"^■'-  ^''""«  t'-  cross  pi^! 

bv  th  -  .'"       I  ''r,'"'"  ^"'"'  '*  '"  *•     ''''"^  '"""■■"  -i"  be  favour^ 

by  tht  pipe  b  c,  which,  being  much  broader,  facilitate  the  further   flow 

Hence  such    an    arrangement    as   that    shown    in    Fiif.  ^,,    ^ill   cause    the 
water  to  flow  in  the  cross  channel  in  the  direction  fromrf  to/ 
that   f;  fh^   ''Pl^'^'^'l  •■".'   ='rrangement   of  an  electric   circuit   similar   to 
that   ot   the   system  of  pipes  just    n.vv   explained.     The  current,    leaving 

til'-  battery,  divides  at  a  into  two 
ranches;  one  branch  flows  through 
a  b,  the  other  through  a  ,i ;  at  b  and 
d  the  tendency  for  a  current  to  flow 
through  b  d  \n  either  direction  will 
depend  upon  wheth.-r  the  electric  pre*- 
sure  at  b  or  at  d  is  the  Rf  cater.  The 
two  opposite  tendencies  to  flow  along 
h  d  will  either  weaken  or  entirely  neu- 
tralise each  .,ther.  Whether  there  be 
a  current  \n  b  d  or  not,  there  will  be 
currents  in  b  c  and  d  c,  which,  meet- 
ing at    r,  will   then    flow  back   to   the 

To   complete  the   analogy  we    wish  to'  trace,  let   us  suppose   the    flow 

and    c    (Hg.  32,).     Suppose   the   stream    t<.   be   flowing   by   two  channels 

initial  ,.vel  „  v.)  to  a  lower  level  v.  at  c.  For  any  point  b  in  'he  first 
channel  .,  ,-e  .s  a  point  «/  in  the  second,  which  is  at'tlL  same  level  . 

hese  tu.  ;Min,s  are  joined  by  a  channel  b  d,  there  will  be  no  flow  a  ong 

j  because  the   e„ds  are  at  the   same  level  r.     Ut  us  now   follow    th! 

analogous    arrange,  len.    of    a    divided    electrical    current    (Fig    V4T      U 

Me   po  en.ials  a.   «  and  c  be  v.,  v,.  and   that   at  b  be  .,  then  th;;^^'  wi 
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the  current  in   any  ['.irt  = 


tall  I'f  pottiiti.il  or  level  in  tint  put 


ri'>>i!>tancc  ol  tli.n   p.irl 


hence  lurriiit   iii  <i  h  --  - 


V,  -  ;• 


cuiniii   in 


cut  rent   Ml  'I  I 


/  = 


reM^t.ime  n  b 
V  —  \ 


leMst.mie 

V,       V 

tesisl.ince 


a  d 


ciirri  lit    in   </  i   = 


re^i>t.inie  li  < 


laiiK',  anil  m> 


or, 


rreiils  in  a  h  and  t>  c  are  tlie 
are  lliuse  w  <i  ./,  d  c;  hence  from  the   tirsl  lwi>  eijuatit-n*:  — 


But  when  there  is  no  tuiicnt   in  b  </,  the  tii 


'■  -  V, 


rc»i>iaiice 


.1  b 


r  -  V, 
Similarly  from  the  last   iwc  — 

V,  —  f 


.esist 


resistance  a  d 


resistance  t  c/ 

stance  a  b 

stance  /'  <-■. 

V  -  V. 

resistance  d  c; 

or, 


resistaiu  e  <i  d 
resis'.  ince  d  c. 


V  -  V, 

Therefore 

resistance  «  ^  _  resistance  a  d 

rt  -istaiice  b  c       resistance  d  <". 
If  the  resistances  i':    i'Mc  branch    are  eciual,  those   in   the  other  branch 
must  also  be  equal. 

III. — KI.ECTKir     KKSISTANlK. 

The  principles  laid  down  here  give  a  most  convenient  method  for 
measuring  resiMiances.  The  instrument  or  arrangement  by  which  it  ii 
applied  was  first  used  b\-  Professor  Whealstone,  and  is 
called  Whcatsliiue's  liiidf^e.  Like  all  the  so-called  nul 
method-  which  ci  iisi^t  in  reducing  to  zero  the  current 
in  .1  particui  It  circuit,  it  admits  of  great  accuracy.  I  lie 
simplest  moo  J  of  applying  it  is  as  tollows :  Let  M  (Kig.  12;) 
be  an  unknovvn  resistance,  and  N  a  me.tsured  resi«t,iiice  wIik'i  may  be  aJiu-ted 
to  any  required  v.due.  Let  i"  and  o  be  two  other  i  |u.il  re~ist.mces. 
Arrange  M  and  n  in  t>nt'  branch,  and  v  and  ii  in  the  other  br.inch  of  a 
divided  circuit.  Connect  a  g.ilvanometer  at  o  with  the  junction  o|  m  and 
.N  on  one  side,  and  the  junction  ot  h  and  (j  on  the  other.  Adjii-l  \  until 
there  is  no  current  through  o,  then  M  =  n.  Or  if  !•  ,11.  I  n  be  not  cijuaj 
in  resistance  we  still  have  by  the  equation  proved  ab"Ve  :  - 

M_l' 
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The  Wheatstone  bridge  is  one  af  the  most  iini)oitant  pieces  of  apparatus 
used  in  electrical  work.  Various  forms  of  it  have  been  devised  for 
general  and  special  experiments  ;  some  of  these  we  shall  describe  later 
on.  All  the  methods,  however,  require  at  least  one  known  resistance 
(the  resistance  n  in  the  above  eciuations),  in  terms  ot  which  the  value 
of  the  unknown  resistance  is  obtained.  We  shall,  therefore,  now  refef 
to  the  subject  of  such  standards  of  resistance. 

Units  of  Resistance.— Ill  the  early  days  of  electrical  measurements 
the  necessity  for  universally  recognised  units  was  severely  felt,  and  in 
no  direction  more  so  than  in  that  of  the  unit  of  resistance.  In  the 
absence  of  a  common  unit  each  experimenter  had  to  take  wliatever 
was  most  convenient  at  the  moment,  such  as  the  resistance  of  a 
particular  piece  of  wire  in  his  laboratory.  Jacob!  SMggested  the 
use,  as  a  iiiiii  of  resistance,  of  a  copper  wire  one  metre  in  length  and 
one  square  millimetre  in  cross  sectional  area.  But  this  unit  proved 
unsatisfactory,  because  the  resistance  of  copper  is  considerably  altered 
by  even  slight  impurities,  and  in  Jacobi's  time  methods  of  producing 
electrically  pure  copper  in  large  quantities  had  not  been  discovered. 
Siemens,  therefore,  proposed  the  mercury  unit,  usually  known  as  the 
Siemens  unit,  and  consisting  of  a  column  of  mercury  one  mstre  in 
lenpth  and  one  square  millimetre  in  cross  section,  at  a  temperature 
of  o°C.  The  advantages  of  using  mercurj'  are  that  it  can  be  readily 
obtained  in  a  stale  of  purity,  and  being  a  liquid  at  o^C.  its  physical 
condition    at  that    temperature   is   perfectly   definite. 

Not  the  least  of  the  services  which  the  Committee  of  the  Britishi 
Association  rendered  to  electrical  sci'iice  was  the  initiation  and  carrying, 
out  of  a  series  of  researches  on  the  electrical  resistances  of  various; 
conductors  under  various  conilitions,  and  the  determination  of  the 
concrete  resistance  which  should  most  nearly  represent  the  theoretical 
resistance  known  as  an  ohm.  In  these  reseaiches  most  of  the  prominent 
men  of  science,  without  distinction  of  natioTiality,  ultimately  joined. 
The  results  obtained  were  accepted  iiiternationally,  and  were  o*1icially 
adopted  bv  most  civilised  governments.  The  final  conclusion  with 
regard  to  the  ohm  is  that  it  is  most  nearly  represented  by  Ihe  resistance 
at  0°C.  fit  a  c'l/itmii  of'  nit-rcnry  106  cciitimrlics  hmf;  and  of  umiornt 
cross  srrltoit  throus^/nmt,  and  ivrighins;  14-4521  j^mi.ii'tes.  The  weight 
named  is  that  of  a  column  ol  mercury  of  the  specified  length  and 
one  square  millimetre  in  cross  section,  hut  for  certain  practical  reasons 
it  was  thought  beiter  to  s|)ecify  the  weight  rather  th.in  th-;  cross  section. 
The  standard  ohm  is  seldoni  used  in  the  form  defined  above,  and 
when   so   used    it    i>   chielly    for    the    purpose   of    ascertaining    the    exact 
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value  of  the  resist;iiice  of  some  coiiduilor  of  more  convenient  material 
and  shape.  Even  the  wire  copies  of  the  ohm  ami  it^  Mib-multiples 
and  multipk>  usually  known  as  standard  coils  are,  as.  a  rule,  only 
•ised  when  high  accuracy  of  uieasurement  is  required.  For  this  reason 
all  the  details  connected  with  them  have  been  carefully  considered 
by  scientific  men,  ma  /  ot  whom  have  made  suggestions  for  improv 
ing  the  construction  of  such  coils.  We  shall  describe  st)me  of  the 
best  known  forms  later,  but  we  pass  on  now  to  desciibe  some  oi 
the  less  accurate  forms  of  coils  of  known  resistances  which  are 
widely  used  for  work  where  very  high  accuracy  is  neither  required 
nor  sought.  Such  forms  of  resistance  coils  cm  usually  be  rapidly 
adjusted  to  various  approximately  known  values,  and  are  u,-.cd  as 
standards  for  ordin 
ary  work  in  the  same 
way  that  ordinary 
weights  are  used  for 
ordinary  approximate 
weighings,  the 
weights  of  accurately 
known  value  and  the 
sensitive  balances 
only  being  used  when 
high  accuracy  is 
required. 


Fii;.  3a6,- The  Khciuui. 


Fig.  327.— Pog«eniIorff  Rheochont. 


A(yustable  Resistances. — For  ordinary  laboratory  work  wide  ranges 
of  resistances  are  required,  and  it  is  often  necessary  and  always 
convenient  that  it  should  be  possible  to  inciea.se  or  diminish  the 
resistance  in  circuit  without  breaking  the  circuit.  There  are  three  principal 
ways  of  doing  this:  (a)  by  a  sliding  contact  moving  over  the  resistance 
wire  or  wires  ;  (A)  by  withdrawing  or  inserting  plugs  between  brass 
blocks,  to  which  the  ends  of  coils  of  known  resistance  are  attached  ;  (c) 
by  contact  pieces  sliding  over  the  surfaces  of  plugs  to  which  also 
the   ends   of  coils   of  known    resis'   'kc   are   atlatlied. 

The  first  method  (//)  is  used  in  the  two  pieces  ol  app.u.itus  shown 
in  Figs,  y.h  and  327.  The  instrument  in  Fig.  :j6  is  known  as  a  Rheostat. 
A  wire  having  a  known  resistance  per  unit  of  length  is  wound  spirally 
pn   a  cylinder   of  wood  or   ebonite.       This  cylinder    can    by   tur'.ed    by 
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a  handle.  One  end  of  tlie  wire  is  i)eriiiancntly  connected  to  the  binding 
>crew  r,  and  the  other  is  insulated.  Tiie  thick  rod  i  ,5,  connected  to  the 
binding  screw  /■,  tarries  a  shding  terminal  which  presses,  by  means  of 
a  sprin;;,  against  the  wire  ;  the  latter  acts  like  a  screw  when  the  handle 
is  turned,  and  moves  this  terminal  along  the  rod.  Any  number  of 
turns  and  fraction  of  a  turn  of  the  wire  can  thus  be  brought  into  the 
circuit,  the  number  of  turns  being  read  off  on  a  scale  on  the  rod, 
and  the  fractions  of  a  turn  on  the  divided  flange  at  the  right-hand 
end  of  the  cylinder.  The  rheostat  shown  here  is  easily  injured,  and 
has  many  faults ;  it  is  therefore  not  used  now  so  much  as  formerly. 
Poggendorff's  rheochord,  represented  in  Fig.  327,  is  somewhat  more 
reliable.  The  two  platinum  wires  a  and  6  are  fastened  at  one  end 
to  the  small  copper  blocks  d  and  c ;  at  the  other  end  e  f  the  wires 
are   fastened  to  silken    cords,    which    run   over    the   rollers    ,c,  and   tarry 

weights  for  the  purpose  of  giving 
the  platinum  wires  a  uniform  stretch. 
K  is  a  sheet -iron  box  tille<l  with 
mercury,  which  has  the  sides  through 
which  the  wires  pass  made  of  glass. 
The  instrument  i>  inserted  in  the  circuit 
by  means  of  the  screws  d  ,\  The  cur- 
rent enters  through  one  ui  the  screws, 
passes  through  the  wire  up  to  the  box, 
through  the  mercury  to  the  next  wire, 
and  leaves  the  apparatus  through  the 
other  screw.  It  is  easily  seen  that  by  moving  the  box  along  the  two 
platinum  wires  different  lengths  of  wire  can  be  inserted  ;  in  order  to  measure 
these,  the  instrument  has  a  graduated  scale.  It  is,  however,  difficult 
to  obtain  the  wires  perfectly  uniform  through  their  whole  length,  and 
therefore  the  actual  •  alue  of  the  resistance  inserted  or  removed  is  not 
very  accurately  known   without  troubloome  calculations. 

Resistance  Boxes. — The  second  method,  (b),  of  altering  the  re- 
sistance without  breaking  the  circuit,  is  by  means  of  resistance  boxes, 
similar  to  that  shown  in  Fig.  328.  In  these  the  range  of  resistance 
available  can  be  made  much  greater  than  is  possible  with  a  single 
wire.  The  general  method  of  comiection  is  shown  in  Fig.  329.  The 
ends  of  a  coil  of  known  resistance  are  coiuiec'ed  with  brass  pieces 
C\C-,  which  are  divided  from  each  other  by  a  small  space,  bounded 
by  slightly  tonital  surfaces.  If  now  the  turrent  enters  one  of  these 
brass  pieces  it  cainiot  flow  to  the  next  before  it  has  gone  through 
the  coil  between  them  ;  but  the  curient  can  pass  directly  from  one 
brass  piece  to  the  other  wli.>)  a  plug  /-"  is  inserted.  In  the  absence 
of  the  plug  the  current,  which  reaches  O  in  Fig.  3:0,  would  have  to 
flow    through     the     resistance     coils     IF'    before   it    could     reach     tha 
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second     piece     of     br.i^s     C-.       Id     tlic     resistance     box     (Fig.    3.:>^)     a 
f  such  resistance  coils  of  Rracliiatcd 


scries  oi 

resistance    is  an  ingei 


I.    T! 


le  resistance  < 


if 


cacli  coil  js  exactly  delerinined,  and  the 
coils  are  arranged  in  a  convenient  order, 
the  resistance  of  each  coil  being  marked 
on  the  ebonite  top  of  the  box,  close  to 
the  hole  which  the  coil  bridges.  It  is 
found  to  be  convenifiit  to  use  values 
which  can  he  easily  added  together, 
and     with     which     any 


required     resist- 
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100 


too 


ance    within    the  range   of  the  box    can 

be    quickly    made     up.       The  following 

values    of    successive    coils    are  very   fre- 
quently used  : — 

1st    Row       ...        1  2  2  5  10      10 

2nd  Row       ...     5,000       000     1,000     1,000     500     200 

With  an  arrangement  like  this,  any  whole  number  from  i  to  10,000  ohms 
can  be  obtained.  For  fractions  of  a  unit,  resistance  coils  of  o-i,  02,  o-2,  and 
05  ohms  are  added,  or  the  unit  may  be  subdivided  by  making  it 
one  branch  of  a  Wheatstonc's  bridge.  When  the  resistance  box 
used,  care   ought    to   be    taken    that   all    the    metal    parts 

are  bright,  especially  the  bores, 
and  that  the  plug  is  tirmly  placed 
into  the  hole  with  a  slight  screw- 
ing motion. 

The  third  method,  r,  is  illus 
trated  in  I'ig.  ^.w.  Here  again 
the  actual  resistances  are  em- 
bodied in  coils  of  wire  within 
the  box,  the  ends  of  the  coils 
being  brought  up  to  the  bras,* 
blocks  on  the  top  in  a  manner 
■.Z'\.  The  pattern  is  known  as  the  "dial" 
pattern,  and  in  each  dial  there  are  eleven  brass  blocks  arranged 
round  the  circumference  C:  a  circle,  and  numbered  o,  I,  2,  ....  Q, 
10.  A  sliding  contact  at  the  end  of  a  r.idial  arm  passes  over  these 
blocks,  and  between  each  two  blocks  in  the  dial  a  resistance  coil 
is  connected  up,  the  resistances  in  any  one  di.d  being  all  equal 
to  one  another.  Thus  in  Fig.  55°  the  resistances  in  dial  a  are  all 
single  ohms,  in  dial  b  ihey  are  each  cqu.fl  to  10  ohms,  and  in  dial 
c  to  100  ohms.  The  connections  and  the  pi. in  of  the  top  of  the 
box,    are   given    diugrammaticaHy   ir.    Fig.    ■}.}\.      If  the    radial    arms    be 


Fig.  33a— DUI  Reiisunc*  Box. 

similar  to  that  shown  in  !^"ig.  . 
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ill  the  positions  shown  the  current  ti'tcrinj^  at  T,  passes  through  the 
box  to  T„  as  follows : — I-nin  T,  by  a  connecting  strap  to  block  o  o( 
A,  and    through    the    two   first    coils  of    dial   a   to    the    radial    arm    R, ; 
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from  this  radial  arm,  by  another  connecting  strap,  to  block  o  of 
dial  H,  througli  the  first  four  coils  of  dial  B  to  radial  arm  R, ; 
similarly  to  block  o  of  dial  r,  seven  coils  f  dial  c,  and  fnially  to 
terminal    T^      The    resistance    in    the    box,    74.    ohms,    through    which 

the  current  passes  is  read 
ofT    at    once    by    simply 
reading     in     order     the 
numbers   opposite    the 
radial  arms  on  the  three 
dials.    Additional  dials 
for  thousands  or  fractions 
of    ohms    can    be    added 
if  required.      The   radial 
arms    are    usually    made 
of  laminated  copper,  and 
should  have  a  good  bear- 
ing  surface,  such  as  can 
be  seen  in   Fig.  330. 

Simple   Measure- 
ment of  Resistances.— 


:■!«.  H-.~Simplc   Mfth'^l  of  Mca>uring   Resislance, 


We  are  i-ow  in  a  position  to  measure  approximately  the  resistance  of 
any  wire.  We  may  nwke  the  experiment  in  many  ways,  one  of  the 
simplest  being  as  follows:— A  complete  circuit  (Fig.  332)  is  made  with 
a  constant  voltaic  cell  k,  a  galvanometer  ,  and  the  wire  x  whose  resist- 
ance is  to  be  taken.  The  deflection  of  the  needle  is  noted,  and  the  wire 
to  be  measured  removed,  and  in  its  stead  is  placed  a  rheostat,  or 
resistance  box  u.  This  change  may  be  conveniently  made  by  having  three 
contact  points  n.  h,  and  r,  as  shnwn.  Resistance  is  now  chnsiged  until 
the  needle  shows  the  same  deflection  as  before.      This  resistance  will  be 
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equal  to  the  resistance  c>f  tlie  wii^  uiiilcr  examination.  This  method  of 
determining  the  resistance  (called  the  metlioil  <>t  subsiiuition)  has  several 
defects.  Between  the  first  and  second  reading  a  certain  time  passes, 
during  which  the  e.  m.  k.  and  internal  resistance  of  the  battery  may 
have  undergone  some  change.  We  may  partly  eliminate  the  error  by 
again  inserting  the  resistance  to  be  measured,  and  taking  the  mean  o« 
two  observations. 

The  method  of  the  Wlieatstone  bridge  is  not  open  to  this  objection. 
We  have  seen  that  in  an  arr.mgement  like  that  represented  in  Fig.  xz:, 
the  connecting  wire  b  li  is  without  a  current  when  the  resistances  ol 
the  remaining  four  wires  stand  as  follows  : 

resistance  of  «  ^  _  resistance  of  (»  d 
resistance  o\  b  c  ~  resistance  of  d  c. 
pijT.  3,3  shows  us   how   to   use   this  principle   aiid  to  measure  resistances 
with  the  bridge.   The  screws 
abed  are    fixed    at    the 
corners  of  a  rhombus ;    the 

screws  e  f  g  h  in  two  sides 

meeting    at    the     point     (/. 

The  wires  a  b  and  b  c  are 

equal    to    each    other,    and 

possess  the  same  resistance  ; 

the  wires  a  f,  f  d,  d  g,  and 

h  c   are  also   eijual  to  each 

other,   and    have    the    same 

resistance.       The     galvano- 

metei   b   in    the   connecting 

wire    bud  will    show   no 

current    when     the     resist- 
ances of  the  wires  a  b  and 

*  c  are  to  each  other  as  all 

the    resistances    between    a 

and  d  are  to  all  resistances 

between     d    and     c.      A   galvanometer    being    inserted    at     h,    the     wire 

under  examina'.ion  w    is   inserted   between   c   and  /,    md  any   rheostat  01 

box  of  coils  R   between  g  and  h      When    in  this   circuit    the  connectiini 

wire  *  B  rf  is  without  current,  the  following  equation  musi  be  true  : 
resistance  of  a  *  _  total  resistance  between  a  and  d 
Tesistance  of~^  c  ~  total  resistance  between  d  and  c. 
It  follows,  therefore,  that  when  the  wires  a  b  and  /'  c  are  ot  the  same 

resistance,  and  no  current  passes  through  b  u  d,  the  sums  ol  the  resistancei 

between  a  d  and  d  c  must  be  equal.     Finallv.  in  thi«  case,  since  the  wires 

a  e,  f  d,  d  g,  and  /;  c  arc  equal   to  ead\  other,  the  resistance  of  w  must 
be  equal  to  the  resistance  between  g  and  h. 
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Simple  Measurement  of  EU  jtromotive  Force.     I'he  k.  m.  k.  of 

a  galvanic  tell  may  be  ascertaiiial  by  taking  tbc  (liflcifiite  of  potentials 
at  tbf  two  pnlfs  bv  a  Kelvin's  .|iiailrant  electmineter  (\,y  page  174). 
But  iiuiirect  metluuU  of  ileterniiiiation  are,  as  a  rule,  more  tonveiiieiit. 
We  may  measure  the  resistance  and  current  of  the  cell,  and  calculate 
Ihe  K.  M.  K.  (roni  these  values,  by  means  ol  Ohm's  law.  As  we  reciuircd 
a  unit  for  measuriiif,'  resistance,  we  require  a  unit  for  measuring  k.  m.  k., 
and  as  already  e.xplained,  the  fV/  is  ihc  unit  employed,  the  k.  m.  k. 
of  a  PanieH's  cell  being  nearly  equal   to   I -12   volts. 

The  K.  M.  K.'s  of  two  cells— a  Grove's  and  a  Daniell's,  for  instance — may 
easily  be  compared  by  the  following  method,  due-  to  PoggendorfT,  and  usually 
known  as  the  n,t,iilitnnrl,r  imthod.  Let  k,  and  k,  (Kig.  xy:^)  be  the  cells 
to  be  compared.  Stretch  over  a  scale  a  Ger-  ■  il^  r  or  platinoid  wire  a  h, 
of  any  convenient  length.     Take  a  batter.    •'  .of  which  is  known 


hF= 


<s-- 


<x 


^\ 


Vk. 


>4- — L>l.ij;T.iMi  u(  a  Motrin  ;omcler, 

same    with    q    till 


t"  than   either  k,  or  k, 

and  jii  ,.  ip  with  a  />,  the  zinc 
bein^  'oua'ds  a.  Join  H,  and  v,  with 
galvanometers  g,  and  o.  in  their 
circuits,  so  that  the  wires  from  the 
zinci  come  to  a,  and  the  positive 
wires  to  movable  points  />  and  q. 
Move  p  along  a  h  until  there  is  no 
deflection  of  n„  and  then  do  the 
there   is    no   deflection   of    o,.      Then 


-11  v.,  is  equal  and 
opposite  to  the  i>.  I),  between  /  and  ,7,  and  K,  to  the  i-.  d.  between  q  and  a 
But  the  fall  of  jiotential  along  h  a  varies  as  the  resistance  (by  Ohm's  law) 


,     ,        ,  ,  --  (by  Ohm's  law), 

and  tberelore  as  the  length,  if  the  stretched  wire  be  perfectly  uniform  in 
material  and  cross-section  throughout  its  length.  Hence  e,  :  k  :  •  the 
length  (I  p  :  the  length  a  q.  .         .   •  • 

The  K.  M.  K.  of  a  cell  is  measured  by  the  difltrence  of  potentials  at 
the  poles  of  the  unclosed  cell.  If,  therefore,  we  have  a  cell  whose  difTer- 
ence  ot  jn.tentials  is  =  i  volt,  we  may  con^ider  the  k.  .m.  k.  of  this  cell 
to  be  the  unit  of  k.  m.  k.,  and  call  it  1  volt.  If  we  compare  the  e.  m  f 
ut  a  Danieir^  cell  with  the  volt,  we  find  -hat  1  Daniell,  if  in  good  condition, 
has  an   k.  .m.  v.  of  112  volts.      Runsen's  cell  has  an  k.  m.  k.  of  iq;  volts. 

The  potentiometer  method  has  tie  great  advantage  that  the 'k.  m  f 
IS  measured  when  the  cell  is  seiidii  g  no  current.  It  is  only  in  such  a 
case  that  the  pressure  on  the  termiiuls  is  equal  to  the  full  f  m.  k  of 
the  cell,  and  that  'he  K.  m.  v.  itself  is  not  being  subjected  to  chaii-res 
due  to  polarisation  caused  by  the  current.  The  meth.K'  requires  that 
the  H.  M.  V.  of  one  of  the  cells  s'.all  be  accurately  known,  and  with  this 
pbjccl  in  view  much  atteniioii  has  been  devoted  to  the  subject  of "  Standard 
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Cflh."  as  tliL-y  are  i,ilU«l.  .iinl  the  iniulitu.iis  imdir  Ahicli  tluii  k.  m.  f.'s 
may  He  relicil  upon  a^,  standards  nl  prosurc.  Wc  distrilie  joTne  (••  the 
UHial  patterns  on  pajjcs    1^4  10  370.  • 

The  oiinparison  f>t  tlie  k.  m.  k.'s  nt  two  cells  can  be  approximately 
ni.iilc  by  sinipie  ajiplic  atioii>  of  Ohm's  l.ivv.  Thus:- with  a  box  of  adjustable 
re>isi,iiKLS  and  a  r.iIv.im  .-(.cpe  torm  a  simple  circuit  (Fig.  H^)  consisting 
of  one  of  tiie  cell^  i-,,  'he  r^ 

resistance  box   k,  and  the  c^  U  •# 

valval loscope  (i,  and  alter 
'.he  resistaiKc  in  the  box 
until  the  Raivaiu)scope 
(rives  a  toiu-eiiient  deflec- 
tion.   Now  change  the  cell 
to  H    *nd  again   alter   re- 
sistance   until     the    samf 
deliectinn  as  before  is  ob-*'8 
tnined.    Then  in  each  case 
the  Siime  currriU  is  gener- 
ated,   and    therefore    the 
E.  M.  K.'s  will  be  propor- 
tional to  the  resist. mccs  ol 
the  circuits  round   which 
the    current     parses.       In 
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calculating  this  resistance  in  e.tcb  ca-c  it  mut  he  remembered  that  it 
consists  of  the  resistances  of  the  battery  and  the  galvaiii)>eope  as  well  as 
the  resistance  of  the  coils  in  the  bo.x. 

The  e.\perimenl  may  be  varied  by  using  .1  galvanometer  of  known 
law  instead  of  a  g.dvanoscope,  and  allowing  the  currents  to  be  ihfTerent 
in  the  two  cases.  The  niti'i  of  the  two  currents  will  be  known  from 
the  deflections  ;.  id  the  law  of  the  galvanometer,  and  hence  the  ratio  of 
the  F.  M.  K.'s  required  to  scud  these  currents  through  known  resistances 
can  be  calculated  by  Ohm's  law. 

Another  method  is  to  keep  the  resistance  of  the  ciieuit  unchanged, 
K>  use  both  cells  and  to  have  a  galvanometer  in  circuit.  The  cells 
E,  and  H.  are  first  joined  up  (Fig.  x^^f^)  to  assist  one  another,  and  the 
current  (c,)  measured  by  the  galvanometer  G  in  this  case  is  proportional 
to  the  sum  (h,  -|-  i:,)  of  their  h.  m.  k.'s.  They  are  then  joined  up  (Fig.  337) 
to  (,pp<,se  one  another  and  give  a  current  (r,)  proportional  to  the  difference 
(K,  —  E,)  of  the  E.  M.  K.'s.     We  therefore  have 


whence 


E,  _  c,  -f  r. 

E,        C,  -  C, 


3«'4 


F.i.iiCTJiicnr  is  ihf.  Service  of  .I/.i.v. 


TsS' 


The   three   l.isi    mcthfuls  arc   open   to   the   ohjictiiiti   that    in   eae^   of 
ilicm  the  cells  are  icquiad  to  send  currents,  aiul  tlicrclore  their  h.  m,  k.\ 
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may  be  changed  by  polarisatiiii  duiing  the  expeiinicnts.  Two  of  the 
experiments  also  require  ihat  the  rc^i.^tances  of  the  cells  should  either 
be  known  or  negligible.  These  methods  can,  therefore,  only  be  regarded 
as  approximate. 

We  have  next  to  describe  insfurnents  suitable  for  measuring  directly 
either  the  whole  E.  M.  k.  in  a  circuit  or  the  electrical  pressure  or 
potential  difference  (i>.  n.)  between  any  two  points,  without  reference 
to  the  full  pressure  or  k.  m.  k.  which  may  be  acting  at  some  other 
part  of  the  circuit,  or  which  may  even  be  distributed  in  different  parts 
of  the  complete  circuit. 

For  the  future  we  shall  use  the  term  k.  m.  k.  fur  any  electrical  pressure  im- 
pressed on  the  circuit  by  chemical  act'  -n,  thermo-electric  action,  c  ctro- 
magnetic  induction  or  any  othi  •  means.  The  term  r.  n.  we  shall  use  tu,  the 
electrical  pressure  between  aiiy  two  points  without  reference  usually  to 
the  method  by  which  such  pressure  has  been  produced.  In  the  case 
of  a  cell  or  other  current  generator  having  internal  resistance,  the  h.  m.  k. 
and  the  p.  n.  at  the  terminals  are  the  same  when  the  generator  is  on 
open  circuit  or  sending  no  current ;  whenever  a  current  is  passing 
these   two   pressures  are  not   equal. 

In  the  measurement  of  e.  m.  f.'s  and  p.  n.'s  the  ultimate  standard, 
as  now  recognised  internationally,  is  embodied  in  some  form  of  "standard" 
cell,  and  therefore  we  shall  devote  a  short  space  here  to  the  description 
of  such  cells. 

Standard  Cells. — The  Board  of  Trade  definition  of  the  standard  of 
electrical  pressure    is    in    these   words : — 

"The  Volt,  which  has  the  v.ilue  lo"  in  terms  of  the  centimetre, 
the  gramme  and  the  second  of  time,  is  the  electrical  pressure  that,  if 
steadily  applied  to  a  condui  tor  whose  resistance  is  out  ohm,  will  produce 
a  current  of  one  ampere,  and  which  is  represented  bv  0-6974  (}i'"")  of 
the   electrical   pressure  at  a   temperature  of   15°  C.  between  the  poles  o( 


i  .i 
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Che  voltaic   cell   kiown   as   Clark's   ctll,   set  up   in   accordance   with    th« 
specification  appcnilcil  hereto." 

It  will  be  notiteil  that  the  material  standard  relerred  to  is  a  certain 
voltaic  cell,  lor  the  construction  of  which  dirccti(  iis  are  niven.  These 
directions  are  minute  and  voluminous  and  we  do  not  propose  to  pro- 
duce them  verbatim  here,  but  usinj;  the  words  of  the  specitiiation  we 
may  say  that  "  the  cell  consists  of  zinc  or  an  amalgam  ot  zinc  with 
mercury  in  a  neutral  saturated  solution  of  zinc  sulphate  and  mcrcoroui 
sulphate    in    water,  prepared  with  mcrcurous  sulphate  in  excess." 

The  apecitication  then  proceeds  to  give  minute  directions  for  puri- 
fying the  materials,  making  the  solutions  and  paste,  and  setting  up  a  cell 
such  as  is  shown  in  Fig.  338.  The  cell  is  contained  within  a  small 
test-tube  about  one  inch  in  -  + 

diameter  and  two  inches 
deep.  The  negativ*;  ele- 
ment is  the  pure  mercury 
at  the  bottom  of  the  test 
tube,  connection  with  which 
is  obtained  by  means  of  the 
platinum  wire,  whose  end 
dips  into  it  •  this  end  is 
sealed  througn  the  lower 
end  of  a  narrow  glass  tube 
which  protects  the  rest  of  v^^u  „r  m_  „ 
the  wire  as  it  is  brought 
up  throu>;h  the  cell  to  form 
the    positive    terminal.     On  Pure  Hi. 

top  of  the  mercury  floats  a 

past-..:    of    the    consistency    of  Fie.  ■■,'*.-Bo«d  of  Trade,  Sundud  CUik'i  c<B. 

cream,    formed    by    mi.\ing 

mercurous  sulphate  (Hg,SO,)  to  which  a  little  mercury  has  been  added,  wm 
a  neutral  saturated  solution  of  zinc  sulphate  (Zn.SO,).  The  positive  element 
is  a  rod  of  pure  zinc  which  dips  down  into  the  paste  as  shown,  a  piece 
of  copper  wire  being  soldered  to  the  upper  end  to  act  as  the  negative 
terminal.  The  zinc  rod  and  the  tube  containing  the  platinum  wire  are 
held  in  place  by  a  cork,  and  the  whole  is  sealed  u--.  with  marine  glue. 

Both  before  the  Clark  cell  was  adopted  as  the  ofticial  standard  of 
electrical  pressure  and  since  that  time  .ts  peculiarities  have  been  patiently 
investigated  by  many  cxperimenttrs.  Foremost  amongst  these  must  be 
mentioned  Lord  Ravleigh,  whose  researches  on  the  siibject  are  classical  and 
who  devised  the  H  pattern  of  cell,  whitli  lor  a  long  time  was  regarded  as 
the  most  reliable,  and  alter  an  interval  has  now  been  readopted.  Mr.  Fisher, 
who  is  one  of  tho>o  who  ha^  investigated  the  subject  caretully,  prefers  to  the 
Hoard  of  Trade  pattern,  lor  practical  use,  the  form  of  cell  shown  in  Fig.  33'*, 


Marine  Glu«. 
Pure  Zn.  rod 


nerriiruut 


W*vc^^!jN««»aNiN**N»«^ 


366 


El.rCTKH  ITY    IN    Tilt.    SF.KVliE    OF    Af.tS. 
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al  bottom. 


tn.  S()4  cryftati. 


Hm  SO4  pi<iic. 


constructcil  by  NKs-r-.  Muirlicid  .Si  Co.,  tin-  ori«iM:il  nialvLTs  o:  tin;  C'..-^. 
cell.  Ill  tliis  lorm  the  Rrc.it  m.t''<  of  ntorctirv,  wliith  is  tr<iublc»'>nic  in  li.e 
official  pattern  it  the  cell  be  roughly  haiullcJ,  is  re|)l.icc(l  by  a  sin.ill  ({iiantitv 

of  mercury  ci>ntaineil  in  a 
cyliiulric  spir.il  loiitiiiuation 
ot  tlie  pi.itimiin  wire.  This 
is  siirrniiiided  by  a  paste 
ot  nierturous  sulphate,  on 
the  tup  of  which  are  crys- 
tals of  zinc  >ul|)hate  anil  a 
saturated  s. 'lution  ot  zinc 
sulphate.  'I"lie  zinc  rod 
pas-es  down  through  the 
solution  and  terminates  in 
the  zinc  sulphate  crystals. 
It  is  clai:!'.^d  tiiai  cells  set 
up  according  to  this  pattern 
give  more  concord;.nt  re- 
a,  ...      suits  than   the  otticial  cells, 

Pt.  wire  in  spiral  form  * 

anialKariut.,!     a,„!  aud     tl"    t     tllCV  inil    rOUgh 

l.lle>l  with  ll(.  •  .  " 

usage,    both    electrical    and 
ii!.3i9.-ri.h.r.  Mod>h«t.oa  orci«k\  cu.  mechanical,   short  ol   actual 

breakage,  very  well. 
One  of  the  gn  it   disadvantages  of  the  Clark  standard  cell  is  its  high 
temperature  cofllicicMl,  the  lormuh'  lor  the  variation  of  its  B.  M.  F.  with  the 
temperature  usually  given  being  : — 

K,  =  1-434  ['  — 000071  (/  —  '5)] 
where  E,  is  the  e.  m.  k.  at  the  temperature  of  t'  C.  The  standard  tem- 
perature is  15°  C,  and  the  formula  means  that  as  the  temperature  rises 
the  K.  M.  F.  dimiiiislirs  0070  per  cent,  (or  about  0001 1  volt)  per  degree. 
This  is  a  very  serious  change,  espt\  .illy  wlien  the  difTiculty  of  ascertaining 
the  fwict  temperature  inside  the  cell  is  considered.  .Moreover,  Professoi 
Ayrton  has  shown  that  tiie  bch.iviour  of  the  cell  under  changes  ol 
temperature  depends  on  the  way  in  which  the  temperature  change  is 
made. 

Attention  has,  therefore,  been  given  to  the  production  of  cells  with  a 
temperature  coetlicient  lower  than  that  of  the  ollicial  standard.  Professor 
Carhart  in  -America  used  Zn.SO,  solution  saturated  at  0°  C,  and  therefore 
not  saturated  at  15"  C.  The  v..  m.  v.  at  15*  C.  was  found  to  be  1-442 
volts,  and  the  temperature  coeflicieiit  oooo3'i — or  about  one-half  of  that 
given  above.     Other  adv.intages  are  cl.iimed  for  the  Carhart-Clark  cell. 

Professor  Carhart  in  1^03  and  Mr.  Hibhert  independently  in  1896,  by 
using  chhifuLs  of  zinc  and  mercury  inste.id  of  sulpluites,  obtained  a  cell 
whose  temperature  coctlicient  is  less  than  001    per   cent,    per    degree,    or 
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mow  accurattly  0000073?  "•  »  ^"''  P^'  <li^^Kre<-".  These  cell*  also  have 
the  peculiarity  that  tlicir  k.  m.  v.,  by  ailjiisimg  the  miiLci'Tation  o( 
the  Zn.Cl,,  tan  be  m.ule  exactly  one  voh  at  any  Dnlinary  tiiniie'-atures 
sii  that  thex'  can  be  used  as  one-Milt  >taiuiai(l«.  Westell  in  America, 
mil  Jailer  iiul  WaciiMnuth  in  Herhn.  have  nn>,hlicil  the  Clark  cell  by 
suh>til\iting  caiiinKnn  lor  zinc  anil  cailnnmn  sulphile  lor  zinc  sulphate, 
riiisc  arc  known  as  C\nhniuin  cclK,  and  ha\e  .1.1  extieniely  low  tem- 
perature coillicient.  Their  behaviour  has  been  invotiuato"  by  Dr.  Hen- 
derson, who  makes  them  up  in  the  form  shown  in  1  <.  .54".  The 
mercury  in  the  bottom  of  llic  lest  lube  has  the  usual  paste  of  nier- 
curou«  and  ladnuum  sulphates  in  contact  with  it  ;  on  iiiis  there  icsl 
«)me  moist  cadmium  sulphate  (Cd.SOj  crystals,  above  which  is  an  amal- 
;;am  of  cat'  'um,  consisting  ol 
•me  part  b  ight  of  cadm'um 
lO    SIX    of  cury.     The  con- 

net  uoi!  to  both  mercury  and 
ca'i.ii'.!.!  are  made  by  line 
pi..  11  in  wires  sealed  through 
n.in.  \  glass  tubes  in  the  ordin- 
ary wa\ ,  and  Dr.  Henderson 
saves  the  expense  of  long  plat- 
inum wires  by  soldering  on 
copper  leads  at  the  point  s 
low  down  in  the  tube-. 

The  H  pal  tern  ot  standard 
cell  rclerreil  to  on  page  }t$ 
was  originally  devised  in  1S.H4, 
as  a  modification  of  the  Clark 

cell,  by  Lord  Rayleigh,  with  a  view  to  securing  the  more  perfect  separation 
of  the  various  coll^tituents  of  the  cell.  When  the  Hoard  o)  Tr.ide  htaiul.irds 
'ere  adopted  in  181)4  this  H  pattern  was  superseded  by  the  single  tube 
pattern  shown  in  Fig  33)^,  ami  for  some  years  all  the  iiiodifKations  devised 
had  this  general  sh.ipe  .More  recently,  however,  c^ptcially  in  experi- 
ments conducted  at  the  National  Physical  Labor. aiir\-,  and  at  IVrlin  and 
Washington,  the  H  pattern  has  been  revived,  as  hiiiig  the  ni'-re  siiil.iblc 
where  a  high  order  ol  accuracy  is  desired.  The  lollowing  description  ol  the 
original  H  standard  cell  has,  therefore,  not  only  an  historical  hut  also  a 
present-day  practical  interest. 

The  cell  consisted  ot  two  small  test  tubes,  a  .iiul  H  (hig.  .^4'),  connected 
by  a  horizontal  and  narrower  tube,  lu-ed  into  each,  through  which  liipiid 
could  pass  easily.  For  electrodes  platinum  w'res  were  fused  into  the  lower 
fc.  i  cf  each  limb.  In  nm-  limb  (a)  tin.-  pUitinuni  wire  passed  into  a  small 
quaniiiy  of  jiure  redistilled  mercury,  on  the  top  of  which  was  placed 
the   paste  ol   pure    mercurous    sulphate  (Hg^SO,)  and  pure  zinc   sulphate 
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(ZnSO^).  In  the  other  hmb  (w)  the  platinum  wire  passed  into  an  amalgam 
of  mercury  and  jiure  zinc.  The  space  between  the  paite,  on  the  one  ?ide, 
and  the  amalgam,  on  tiie  other,  was  tilled  with  a  saturated  soUition  of  nearly 
neutral  zinc  sulphate,  a  lew  crystals  of  the  salt  being  inserted  to  insure  that 
the  saturation  should  be  maintained.  The  tops  of  the  two  tubes  were  closed 
with  corks  sealed  hermetically  with  marine  rIuc.  The  classical  researches  of 
Mrs.  Sidj-wick  and  Lord  Rayleij;li  wire  made  with  cells  ol  this  pattern,  and 
published  in  I.S.S4.  Thev  j;ave  the  h.  .M.  i..  of  the  cell  as  1-435  volts  at  I5°C. 
In  the  modern  type  '  cell  recently  experimented  upon  at  t'  ■  National 
Physical  Laboratory  by  .Mr.  !•'.  K.  Smith  cadmium  takes  the  place  of  zinc 
throughout,  as  suggested  by  Weston  in  iSqj.  In  preparing  the  materials 
for  these  cells  great  attention  is  paid  to  the  preparation  of  the  depolariser, 
Mcii'iiie 
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the  mercurous  sulphate.     To  obtain  tliis  in  a  pure  state  no  fewer  than  four 
entirely  distinct  methods  have  been  devised,  namely  I'- 
ll.) Klectrolysis  ; 
(ii.)  Chemical    precipitation    by   the   additiiMi    of    carefully   prepared 

mercurous  nitrate,  Hg.,(N(),)„  to  pure  sulphuric  acid  ; 
(lii.)  Re-cry.stalIisation  of  ordinary  mercurous  sulphate  from  solution  in 

sulphuric  acid  ; 
(iv.)  The  action  ot  fuming  sulphuric  acid  on  pure  mercury. 

The  mo>t  interesting  of  these  methods  is  probably  the  electrolytic 
one.  In  the  experiments  at  the  National  Physical  Laboratory  the  mercurous 
sulphate  wa>  torined  at  a  mercury  anode  in  a  solution  of  dilute  sulphuric 
acid,  consisting  of  ,,ne  volume  of  strong  Milphuric  acid  to  five  volumes  of 
water.       The   solution   w.is  well   siiired    so   as  to  keep  the  anode  exposed 
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to  the  electmlvte,  tliu  turniii  di 


squire  cci)tiiiictit.s  nl    aiKule  surface.     Hv  w 
dc  iilarist-r  was  carclulls'  ua>l 


kiisity  bciiij;    tn>in    i  ti>  ?  am|Hri-s  per 


too 


hatcvcr  nullind   prLparcd,  the 
ud   first   with  dihite  sulphuric  acid,  and  then 
with  a  sokitidn  of  neutral  saturated  cadmium  sulphate.     Finally,  the  p.iste 
ci'ilsistiuL;  of  mercurous  .sulphate  and  cadm 
the  above  and  carefully  rc-crvst.iilised  c.uhi 
vol 


.sulphate  and  cadmium  suljihate  was  prepared  from 
e-cryst.dlised  c.idmiutn  Milph.ite   in  the  proportion 
o   four  volume-  of  mercurous  sulpli.ite  to  one  volume  of   i)owdered  c.idmium 
Iphate.     When    the    depoluiNcr   was    prepared    by   methods   (ii.|   or   (iii.) 

lole 

uiion   of 

liarged 


pure    mercury  was  added   to   the  extent    of   .ibout   one-tenth    ..I  the  wl 


vok 


the   d 
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ry   powder    so  formed,   suflicieiit    saturated    sol 


irni  a  thin  paste.     The  cells  wen 


a-    in    the  original    Hayleij,di    pattern,  crystals   ot    j 


)einj;  introduced  into  each  limh,  ;in  1  the  depth  ol   the  paste  I 


admium  sulphate 


lai    a  leiitinietre. 
ed  for 


leiiig  about 
eliminate   entirely   any    eflcvt   due  to   the  material 

lese    Ujiper  ends  were 


used  for  closing  the  iip|)er  ends  ol   the  test  tubes,   tl      _ 
constricted  and  finally  sealed  ofT  skillully  with  a  blow  pipe'. 

An  elaborate  leseaich  was  made  on  a  large  number  ot  cells  made  acco'ding 
to  the  specification,  some  at  the  laboratory,  others  by  careful  e.xpeiimcnters 
elsewhere.  In  addition  twehe  c.idmium  cells  were  brou-iu  to  England 
from  the  National  IJureau  ol  Standards  at  Washington  and  directly  com- 
pared with  the  normal  cell-  prepared  at  the  laboratory.  The  dilTerences 
observed  between  the  v.  M.  v.  of  the  individual  cells  and  the  nuan  v.  m.  f 
of  the  other  cells  of  a  group  was  of  the  order  of  a  few  microvolts  (millionth* 
of  volts)  only,  and  th-  mean  of  the  k.m.  ,..  of  the  American  cells  only 
.hfTered  from  the  nie.ui  of  the  1;.  M  F.  of  the  Knglish  cells  by  three  micn'v 
volis,  the  Kngli>h  ones  being  the  higher.  This  is  a  rem.irkable  result,  which 
would  have  been  considered  quite  unattainable  ten  years  earlier,  and  shows 
that  the  minute  causes  of  variation  have  been  very  thoroughly  investigated 
ni  the  interval.  .Most  ot  these  causes  were  again  investigated,  includinR 
tor  instance,  th,  "  eflect  of  the  size  of  the  crystals  of  mercurous  sulphate" 
which  was  found  not  to  be  very  serious.  ' 

The  constancy  of  the  cells  at  difTerent  periods  .,t  time  .nfter  being  set  up 
was  carefully  observed,  with  the  result  that  40  out  of  co  cells  were  found 
to  vary  by  not  more  than  ::  parts  in  .-00,000  after  the  first  in,, nth  of  their 
preparation.  The  efiect  of  sb.,rt-circuiting  the  cells  from  i  to  ,  minutes 
was  also  examined,  and,  as  might  be  expected,  the  result  was  a  temporary 
.owering  ol  the  K.  M.  ..,  due  to  iK.larisation.  The  recovery,  however  was 
rapi.i,  occu|.ymg  only  i;  minutes  in  a  cell  short-circuited  for  i  minute',  and 
ab.mt  35  minutes  m  a  cell  .short  circuited  lor  ;  minutes. 

The  cfTect  of  change  of  temperature  is  small,  careful  experiments  at  the 
National  Physical  Laboratory  giving  the  following  results  :— 

E,  =  i-oi8;o  -  0000034  (/-  17)  _  ox>ooooo»iO  (/ —  i;)*. 
This  equation  m^an.  that  the  k.m.  k,  at  the  Moiu.al  temperature  o;  .y-C.  U 
24 
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roiSjo,  and  that  a  rise  of  i^  in  temperature  only  changes  the  value  by 
3  parts  in  the  last  decimal  place,  the  change  being  admiinution.  This  result 
should  be  compared  with  that  given  for  the  Clark  cell  on  page  366,  when  it 
will  be  noticed  that  the  temperature  co-efficient  of  the  cadmium  cell  is  about 
one-twentieth  of  that  of  the  Clark.  In  other  words,  a  change  of  1°  affects 
the  E.  M.  K.  of  a  Clark  cell  as  much  as  a  change  of  20°  aflfects  a  cadmium  cell. 
The  practical  importance  of  this  difference  is  very  obvious. 

Measuring"  Instruments.— In  physical  measurements  the  method  of 
measurement  should  be  such  as  not  to  alter  the  quantity  which  has  to  be 
measured.  An  electro-magnetic  instrument,  however,  only  appro.\imat<.ly 
fulfils  this  condition  when  used  for  the  measurement  of  pressure,  because 
some  current  must  How  through  it,  and  this  tends  to  alter  the  pressure. 
But  there  is  another  class  of  instruments  which  utilise  the  strains  produced 
in  the  electric  field  near  conductors  at  ditVereiit  potentials,  and  which  in 
most  cases  do  not  disturb  the  potential  dilfereiices  they  are  called  upon  to 

measure.     These 


A  ■  B 


VG 

Fis  342.— Mi-aiuTMiifnt  of  Potential  Diffirpn-es 


instruments  have 
their  prototv]  es 
in  the  somewhat 
crude  electro- 
scopes already  de- 
sciibctl  (page  54), 
and  are  known  as 
"electrometers" ; 
but  a  >lun  t  s|)ace 
will  be  devoted  first  to  the  instruments  which  utilise  the  magnetic  effect  of 
the  current. 

Electro-mag'netic  Voltmeters. — The  same  pattern  of  electro  magnetic 
instrument  which  is  s'litalile  for  an  ammeter  can  also  be  used  for  a  voltmeter 
it  the  conducting  circuit  be  wound  ditTerently.  For  ammeter  work  the 
winding  consists  of  a  few  turns  of  very  thick  wire,  which  has  to  carry  the 
whole  current  to  be  measured,  and  must  therefore  be  of  low  resistance,  to 
avoid  dangerous  heating.  As  a  voltmeter,  the  instrument  v  u,  being 
required  to  measure  the  P.  D.  between  the  points  A  and  B  (Fig.  342)  in  iht: 
circuit  A  c  I)  H,  is  placed  in  a  br.mch  circuit  between  these  points  as  shown. 
Now,  unless  the  resistance  of  this  branch  circuit  a  \  o  n  is  very  much  greater 
than  the  resistance  of  the  main  circuit  A  c  n  b,  its  introduction  may  disturb 
the  current  flowing  in  the  main  circuit,  and  therefore  alter  the  very  P.  D. 
which  it  is  required  to  measure.  Thus  the  current  in  a  v  g  b  must  only  be 
a  small  fraction  of  the  current  in  a  c  d  n,  and  therefore  to  get  the  requisite 
number  of  "ampere-turns'  a  coil  of  many  turns,  and  necessarily  of  fine 
wire,  must  be  wound  on.  Such  a  coil,  however,  will  add  to  the  resistance  of 
the  branch  circuit,  and  may  even  have  sullicient  resistance  in  itself  to  satisfy 
the  condiiion  alluded  to  above  ;  but  if  not,  an  additional  resistance  r  must 
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be  placed  in  series  with  it  in  the  branch  circuit.  Wiiat-ver  the  rcsi>;.ince, 
the  current  in  amperes  flowing  through  the  j,'ulvanumttcr  \  c,  multiplied  by 
tile  resistance  in  ohms  of  the  branch  circuit,  will  j-ive  the  p  n.  between  the 
points  A  and  b  in  volts.  It  the  resistance  of  the  branch  circuit  be  kept 
C(instant,  then  the  Kalvanometer  can  have  its  scale  marked  off  in  vults,  and 
will  tlms  become  a  vo/ti^iihuuumfter,  or  more 
briefly  a  vnllmrter. 

The  ammeters  already  described,  there  lore, 
have  only  to  be  wound  with  fine  wire  coils       ». 
instead  of  thick  wire  coils,  willi  possibly  an 
added    separate    resistance    included,   to    be 
ivailable  as  voltmeters  if  properly  graduated. 

Hot-wire  Voltmeters.— The  heating  eUect  of 
the  current  does  not  lend  itself  directly  to  electrical 
measurements  as  readily  as  the  magnetic  or  the 
chemical  efTect,  because  the  exact  measurement  o* 
quantities  of  heat  is  a  physical  operation  usu.My 
requiring  e.xperimental  >kil'l  of  a  hi^h  order.  The 
heating  of  materials,  however,  generally  produces 
physical  changes,  some  of  which  are  more  amen- 
able to  exact  measurement  iIkii  a  quantity  of  heat  ; 
and  one  of  them  especi.dly,  namely,  the  Expansion 
caused  by  increase  of  temperature,  is  the  basis  of 
a  series  of  instruments  originally  designed  by 
Major  Cardew  for  voltmelei-  work. 

1  he  principle  of  such  in.strutnents  is  illustrated 
in  Kig.  J45.  .\  long,  fme  wire,  a  c  k  u  11,  has  its 
end-,  A  and  1?,  attached  to  two  hooks,  and  is  kept 
taut,  without  being  overstrained,  by  being  passed 
roun.l  the  pullev  1.,  which  is  attached  by  a  tlexible 
cord  to  the  spi.al  .spring  S.  The  fle.xible  cord  pas>es 
round  a  small  pulley  /,  to  the  axle  of  which  an 
index  I  is  tixed  to  indicate  the  amount  of  rotation 
ol  the  pulley/,  and  therefore  the  movement  of  the 
cord  If  wires  v  and  n  be  soldered  to  a  and  n  re- 
spectively to  suppiv  current,  this  curient  will  heat 
the  suspended  wire,  which  will  therefore  expand, 
allowing  the  spring  s  to  contract,  and  to  drag  the 

flexible  cord  round  the  pullev  p.     The  amount  of  expansion  will  be  indicated 
by  the  movetnent  o,  the  tndex  ,  on  its  scale,  and  whe.t  the  temperature  Ins 
become  s  eady  the  expa.is.on  will  depend  principallv  on  the  current  p.,l  i' 
through   the  w,re,  and  therefore  on  the  p.  a   at   the  terminals  a  .^  T  e 
conditions  are  sum.,     hat  eomplicated,  hut   hv  t  ik^iL-  eer-    -1  r..-         , 
can  be  arranged  tl,..  ,or  a  deL.te  ..  u.  app,Ut:;:'.;u       X:T::ZJL 
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up  a  definite  position  on  the  >c.ilc.      I5y  ap])lying  known  r.  i>.'s  to  a  n,  tliere- 
forc,  till.-  sialv  laii  be  f;ra<Iiiati.(l  in  \olls. 

Tlie  chief  woikinn  ]ian>  ol  cmc  ot  Maj  ir  Canlew's  earlier  lorms  ol  "  hot- 
wire "    voltmeters   are  >hnwn  in  Fig.   344.     The   cm  rem  pas-inj;   through 

the  in-itriinient,  or 
r.itlier  tile  terminal 
volts  causing  the 
current,  are  mea- 
sured by  the  ex- 
tension wliifih  the 
heat  generated 
causes  in  a  fir.e 
plat  inuni  -  silver 
wire  about  thirteen 
feel  lung.  The 
current  entering 
at  T,  pas'ies  lirst 
through  a  fusible 
cut-out  of  very  fine 
wire  to  the  screw  a. 
It  then  enters  the 
platinum  -  silver 
wire  which  passes 
trom  A  over  a  fixed 
ivory  pulley  r,  at 
the  other  end  of 
a  long  tube  /  /. 
From  I',  it  passes 
back  along  tlie 
tube  to  a  nioxabie 
ivory  pulley/, .back 
again  to  anotlier 
fixed  pulley  r^,  and 
then  back  to  a  fixed 
block  H,  to  wliich 
its  other  end  is  at- 
tached. The  wire 
llius  traverses  the 
tube  //  four  times. 
It  is  strelcheil  taut  by  means  of  a  fine  cord  attached  to  the  block  of  the 
movable  pulley/,  ;  this  cord  passes  round  the  wheel  w,  and  is  stretched  by 
the  spiral  spring  s,.  Thus,  if  the  wire  lengthens  by  being  heated,  the  pulley 
^,  is  dr.iwn  (1"W!!  ami  the  wliee!  \v  rotates.  Ov.  the  axis  •(! V  is  a  too'hid 
wheel   I.  wliith  ge.ns  into  a  pinion  m,  whose  axis  car-'es    ne  index  which 


Fig  344  — Cardew's  "Hot-wire"  Voltmeter 


El .  EC  Tft(.  WtK  TKKS. 


37? 


tnnves  over  a  stale  on  a  dial  luii  sliowii  in  the  tipiiiLV  The  blmk  n  is 
t'liclricilly  coiinLilcil  lo  ilic  terminal  t,,  so  that  it  i^  ilic  r.  r).  iKtutiii  T, 
aiul  T,  ".1111.11  causes  the  curreiil  in  the  wire,  anil  whitli  i>  measure!  by  tlic 
indieations  of  the  pointer  on  the  dial.  A  second  and  similar  pl.tiinum- 
siKer  « iie  occupies  the  tube  /'  /';  its  ends  are  attacheil  to  the  spiial  spring  s, 
and  the  block  c,  whilst  its  movable  pullev /*  is 
attached  to  the  s|)rini;  s^.  Klectrically  this 
wile  join-  the  lei  miiials  T,  and  T,  ;  its  exten- 
sion is  not  measured,  its  piirpo>e  beiiij;  lo 
ilouble  the  resistance,  and  tlurelore  to  IiaKe 
the  sensitiveness  of  the  instrument,  thus  prae- 
lii  ally  douhlinjT  its  ran;;e,  for  the  reading;  when 
a  certain  i'.  n.  is  put  between  T,  and  r^  is  only 
one  hall  as  j;reat  as  when  the  same  r.  ii.  is  pi,t 
between  T,  anil  t,.  It  is  necessary  t  >  use  a 
wire  similar,  and  similarlv  placed,  to  tlu'  work- 
in;;  wire  for  this  second  resistance,  because  to 
double  exactly  the  value  of  the  reailing>  the 
added  resistance  must  be  exactly  ecjual  tn  tlie 
lesistanc  i>l  the  working  wire  in  the  tube//, 
liut  ibis  latter  wire  is  heated,  and 
therefore  changes  its  resi>ti:ice  with 
each  current.  The  added  re>istance 
must,  therefore,  vary  to  exactly  the 
s.ime  extent,  and  this  is  mo>t  re.idilv 
accomplished  in  the  way  described. 

Electrometers.  —  In  th    pic- 

ceding  instruments  the  electric 
pressure  has  been  measured  indi- 
rectly. Thus  in  the  electro-m.a<;netic 
voltmeters  the  pressure  is  ineasurcd 
by  the  magnetic  elTect  pn^iluced  by 
a  current  produced  by  the  pressure, 
whilst  in  the  hot-wire  voltmeters 
advantage  is  taken  of  the  expansion 
of  a  wire  heateil  by  such  a  current. 
In  neither  case  is  the  measurement  direct,  and  both  methods  break  down 
where  the  conditions  are  such  that  the  production  of  a  current  destroys 
the  pressure  or  potential  dilTerence  to  be  measured,  as.  tor  instance,  wlien 
the  potential  dilTerence  is  that  of  two  charged  i:isul.ited  conductors.  In 
such  cases  the  electrostatic  nuthods  must  be  emplo\ed,  .itul  advantage  t.ikeil 
ot  the  electric  stresses  in  the  medium  between  lixed  .ind  movable  bodies 
bn>ug!it  *•■  the  [juleiuials  the  difrerc;!cc  of  -iviii^h  it  is  icijuircd  ri>  measure. 
If  the  instruments  are  sufTiciently  sensitive  they  can  also  be  used  lo  measure 


Fic  34^.  — KohlraU90h'5  Torsion  Elfctromptet. 


374 


ErFXTKicirr  /y  the  Service  or  Mas. 


any  potential  ilifTurcnces,  in<.ludinj;  those  between  two  points  in  a  tirtuit 
throujjh  wliitli  a  current  is  flowing. 

The  instruments,  as  previously  explained,  are  known  as  electrometers,  and 
an  clecttometcr  may  be  defined  as  an  instrument  for  measuring  electric 
pressures  f>v  means  nf  the  electrnstatic  strains  in  the  dielectric. 

F^lectrometers  are  simply  electroscopes  in  which  the  efft  '  produced  by 
the  strains   in   the   dielectric  is  measured  instead  of  being  indicated  only. 


V\^.  346L — The  Quadrants  in  Lord  Kelvin's 
Electrometer. 

Attempts  to  make  such  mea- 
surements, with  more  or  less 
exactness,  date  from  an  early 
time  in  the  history  of  the 
science,  bui  it  was  only  dur- 
ing the  nineteenth  century  that 
the  labours  of  Kelvin,  Kohl- 
rausch,  Dellnian,  and  others 
resulted  in  the  production  of 
reliable  instruments. 

Kohlrausch's  "  Torsion 
Electrometer "  is  illustrated  in  Fig.  345.  The  arm  a  a,  which  is  bent 
downwards  in  the  middle,  is  mat".;  of  silver,  and  ti\cil  by  mean>  of  the  pieces 
of  shellac  fi  h.  The  suspended  arm,  also  of  silver,  hangs  by  the  glass  thread  1 
in  such  a  manner  that  it  is  able  to  rotate  in  the  same  horizontal  plane  as 
the  strai^iit  parts  of  a  a,  in  consequence  of  the  bend  in  the  latter.  The 
spiral  wire  below  the  suspended  arm  is  used  to  establish  electrical  con- 
nection, and  the  instrument  is  used  for  taking  measurements  in  a  way 
similar  to  tli:'l  in  which  the  "  Torsion  b.ilancc"  is  used. 

The  Ouadrant  Electrometer. — The  characteristic  features  of  this  instru- 
ment are  the  followmg  :  A  light  bodv  ciimiected  with  the  mner  coat  of  a 
Leyden  jar,  by  which  it  is  charged,  hangs  near  two  bodies  whose  electric 


Fig*  34 r. — Ixjrd  Ktrlvin's  Quadrant  Etectrometer. 
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potciitial-dilTcrence  is  to  be  tested.  The  difTercnce  of  flecirit.il  coinlitiiMi  is 
tucasuied  by  the  resultant  attraction  of  the  light  body.  In  Lord  Kelvin'* 
instrument  the  light  body  is  a  very  t'  ii  aluminium  needle  c,  shaped  like  c 
tiijiire  8,  as  shown  partly  by  dotted  lines  in  Fig.  346  and  being  within  the 
tjuadrants  ti  h  in  Fig.  347.  This  flat  needle  is  hung  by  a  wire  from  an 
insulated  stem  above  a  Leyden  jar  with  hemispherical  base  (Fig.  347) 
This  Leyden  jar  contains  strong  sulphuric  acid,  which  forms  its  inner 
coating.  A  wire  stretched  by  a  weight  w  dips  into  the  acid,  and  connect* 
the  needle  with  this  inner  coating.  The  needle  carries  a  small  mirror, 
which  serves  to  indicate  the  deflection  by  reflecting  a  beam  of  light  on 
tt>  a  scale.  The  needle  c  hangs  inside  four  quadrants  a +,  B-,  r  +  , 
I)  -  (Fig.  346)  insulated  by  glass  stems,  by  which  they  are  supported  from 
the  lody  of  the  instrument.  The  quadrant  A  4-  is  in  electrical  connection 
with  c  4-,  and  b  -  is  in  connection  with  D  - ,  as  shown  by  the  wires  in  the 
figure. 

Let  us  suppose  the  needle  c  charged  to  a  high  negative  potential  ;  then, 
if  the  quadrants  are  symmetrically  placed,  it  will  defle<t  neither  to  the  right 
nor  to  the  left,  so  long  as  a  4-  and  b  -  are  at  the  same  potential.  If  b  be 
negative  relatively  to  a,  the  end  of  c  under  a  and  b  will  be  repelled  from  B 
towards  a,  and  at  the  same  time  the  other  end  of  c  will  be  repelled  from  d 
towards  c.  The  motion  will  be  indicr.ted  by  the  motion  of  the  spot  of  light 
reflected  by  the  mirror,  and  as  the  controlling  force  is  the  torsion  of  the 
suspending  wire,  the  deflecl.ion  will  be  sensibly  proportional  to  the  difference 
of  potenti-i  between  A  and  b.  The  number  of  divisions  which  the  spot  of 
light  traverses  on  the  scale  will,  therefore,  measure  the  difference  of  potential 
between  a  and  b.  This  instrument  is,  therefore,  an  electrometer,  and  not  a 
mere  electroscope. 

Two  terminals  /  m  (V'\g.  347)  serve  to  charge  a  and  b.  They  can  be  lifted 
up  out  (if  contact  with  a  and  b  after  chargirg  them.  The  third  terminal  p  is 
attached  to  a  little  electrical  influence  -  -achine  inside  the  jar,called  a  replcnisher 
by  which  the  charge  of  the  jar  can  be  inc.eased  at  will.  There  is  also  a 
gauge  by  which  the  constancy  of  the  charge  can  be  measured,  and  the 
sensitiveness  of  the  instrument  maintained  unchanged.'  Some  of  these  in- 
struments are  made  so  sensitive  as  to  give  a  deflection  of  one  hundred 
divisions  for  the  difTerence  of  potential  between  zinc  and  copper  in  contact. 

Many  modifications  of  Lord  Kelvin's  Quadrant  Electrometer  have  been 
devised,  but  of  all  these  we  can  only  refer  to  two.  A  simple  form,  due 
to  Professor  Clifton,  of  Oxford,  is  shown  in  Fig.  348.  The  quadrants  are 
supported  on  glass  pillars,  and  the  terminals,  T  T,  are  brought  down 
through  openings  in  the  bottom  of  the  case,  which  can  be  closed  by  plugs 
when  the  instrument  is  not  in  use.  The  insulated  rod,  R,  is  for  the  pur- 
pose of  charging  the  Leyden  jar :  S  is  a  tangent  screw  by  which  the 
exact  orientation  of  the  needle  in  the  qu.idtants  can  be  adjusted,  and  VV 
are   vessels    for  containing   some    desiccating   substance  for  keeping   the 
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upper  part  of  the   case  dry. 


Fig.  349-— Ajmon,  Perry  &  Sumpner't  Quadrant  Electrometer. 


riic  suspension  is  bitiiar,  and  .  ^rnislie;)  the 
rc(|uisitc  control  whilst  insulating 
llic  nct-dle ;  th>.  Lcydcn  jar  can 
be  removed  from  below  without 
lifting  off  the  cover. 

A  more  recent  form  of  Quad- 
rant  Klectrometcr,  a>  deviseti   by 
Professors  Avrtf)n  and  Perry  .ind 
Dr.  Siinipner,  is  shown  in  Kig.  x^<^. 
In   lliir    the   quadrants   are   niurh 
smaller  th.m  \\\  the  Clilton  pattern  ; 
they  are  supported  on  jjlass  rods, 
r,  r,  and    the  lermin.ils,  'I",  T,  are, 
as  before,  brought  down  through 
holes    111    the    base    plate.      The 
standards   S,  S,  which    carry    the 
sus|iension,  are  likewise  suppoited 
on  gl.iss  insulating  rods  ;  they  also 
carry  the  guard    ring  which   pro- 
tects the  mirror  from  being  influ- 
enced by  external    electritications. 
The    mirror,    which    is    made    as 
small  as  possible,  and  the  needle, 
which    is   of  the   ordinary  shape, 
are  carried    by  a  torsiuiiless   fibre 
suspensit)n.       The      former      has 
fastened    behind    it    little 
magnets  similar  to  those 
used     in     galvanometers. 
In     ■..AS    case,    however, 
they    are    for    controlling 
purposes  only,  the  control 
being     efTected      by     the 
action  on  them  of  a  pair 
of  scissors  magnets,  carried 
on  the  central  stem  below 
the  base  plate.  The  leaden 
vessel   V  contains   strong 
sulphuric  acid,  which  will 
keep  the  interior  dry  when 
the  cover  is  on,  and  which 
also,  by  its  viscosity,  will 
damp  the  niulioii   ol    the 
needle    by   acting    on    .i 
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little  pl.uinum  vaiit-  wlilih  ilips  into  it,  .tiul  is  rigidly  connected  by  a 
platinuiii  wire  to  the  iinillc. 

Tlu-  most  striking  innditic.ttion  in  this  iii>triiiiicnt  is  the  l.eydcn  jar 
fri  charging  the  needle.  This  i>  forimd  by  tlie  glass  cover,  which  i-.  coated  in- 
ternally and  externally  with  tinfoil  in  the  usual  way,  additional  stri|)s,  liowcver, 
being  added  to  the  t  xternal  coaling  lor  screening  purposes.  Thf  internal 
coal  is  charged  by  the  rod  R,  which  is  carried  on  a  pivot  by  the  insulating; 
pillar  l>  in  such  a  way  that  the  connection  with  tlie  co.iting  can  be  broken 
by  pushing  the  knob  out  of  contact. 

In  measuring  sm.ill  k.  m.  K.s  and  I'.  l>.s  with  a  (ju.idi.ml  electrometer 
the  I.eyden  jar,  and  tlierefore  the  needle,  is  ch.irged  up  to  a  hir.h  potential, 
and  ilie  two  points  whose  potential  difTercnce  is  reipiired  are  comiei  ted  to 
the  terminals.  The  deflection  is  tlien  sensibly  proporlioiia'  to  the  P.  D 
A  more  exact  law  is  given  by  the  equation  : 

J  =  /t(V.-v.)  [n-^--] 

in  which  N  is  the  polenti.d  of  the  needle,  \',  .md  V,  are  the  potentials  ol 
the  points  under  test,  I  is  the  deflection,  and  k  a  const.int  to  be  determined 
by  a  preliminary  calibration.  If  N  bo  large  as  compai^J  with  (V,  +  V.) 
the  equation  becomes 

3  =  XN(V,  -  V,)  nraih; 

and  I  is  sensibly  proportional  to  (V,  —  \',).  A  good  instrument  can  be 
made  sufficiently  sensitive  to  give  considerably  over  one  hundred  divisions 
for  a  V.  I),  of  one  volt.  In  electrometer  working  special  attention  must 
be  paid  to  details  of  insulation. 

Electrostatic  Vultinflcis. — P'or  measuring  the  higher  pressures  met  with 
in  electric  lighting,  power  and  traction  circuits,  le^s  sensitive  electrometers 
of  a  more  portable  type  are  required.  They  are  usually  designed  to  wont 
uiiostiiticiillY,  that  is,  by  means  of  tlie  strains  set  up  by  the  polenti.ils  to 
bt  le>i  1  id  without  the  assistance  ot  any  additional  electriticalion  such 
ii  IS  given  to  the  needle  in  the  qu.ulr.uit  electrometer.  Tliey  will  be 
flescribed  in  the  tecliiioloi;ical  section  ot  the  book,  lor  which  also  is  reserved 
llie  description  ot  the  moiK  in  app.ir.ilus  lor  aiijilying  the  potcnti<jnieter 
me'liod  {scr  page  3<)^)  ol  cornpaiing  these  l:igher  i'.  n.s  w'Ui  the  K.  M.  v. 
of  a  stand.ird  cell. 

V. — KI.ECTKIC    POWER. 

Power  is  defined  as  the  ititc  of  dhiiis:  xvurk,  and  electrical  power  due  to 
electric  currents  is.  therefore,  the  rate  at  which  work  is  being  done  elec- 
trically in  a  circuit  or  portion  of  a  circuit.  It  can  be  shown  that  this 
power  is  represcntil  at  an\  iii\taut  by  the  product  of  the  pressure  and  the 
cur't'nt  at  that  instant.  11  the  whole  circuit  is  being  de.Ut  with,  then  the 
pre->iure  is  the  wh<ile  inipie-sed  pressure  or  v.  .M.  v.,  .iiul  the  current  is 
the  total  cuireiit  in  the  ciicuii,  thus,  in  continuous  current  circuits; — 
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Power  =  H.  M.  K.   X  current 
VV  =  E  X  C 


(I) 

(«) 


If  E  be  measured  in  volts  and  C  in  amperes  the  product  of  the  two  might 
be  called  voll-amperfs,  and  this  name  wa^  used  for  some  un\^.  Eventually, 
however,  it  was  displaced  by  the  term  watts,  in  honour  o«  .lame*  Watt,  who 
did  so  much  to  advance  exact  ideas  on  the  subject  of  puwnr.  We  have 
therefore  the  equation 

Watts  =  Volts  X  Amperes  (iii) 

It  is  perhaps  worthy  of  note,  as  siiowing  the  cosmopohtan  character  of 
electrical  terms,  that  the  three  scientists  whose  names  are  used  in  the  above 
equation  are  of  three  difTcrent  nationalities.  Other  similar  instances  will 
occur  as  we  proceed. 

In  equation  (i)  ab^e,  if  the  K.  M.  F.  referred  to  is  that  of  the  generator 
of  the  current  in  the  LJrcuit,  then  the  e.  m.  f.  and  the  current  are  in  the 
same  direction,  and  the  power  represented  by  the  product  is  the  rate  at 
which  the  generator  is  giving  energy  to,  or  is  doing  work  on,  the  circuit. 
In  dealing  with  a  portion  of  a  circuit,  however,  it  may  happen,  as  for 
instance  when  a  secondary  battery  is  being  charged,  that  an  E.  m.  k.  at 
some  point  of  a  circuit  is  opposed  to  the  current  which  is  passing,  or,  in 
other  words,  is  a  hack  E.  M.  /•'.  In  such  cases  the  abov^  product  is  nega- 
tive, and  represents  the  rate  at  which  electrical  energy  is  heing  taken  from 
the  circuit  and  converted  into  some  other  form  of  energy  In  the  instance 
cited,  that  of  the  charging  of  a  secondary  battery,  the  f^Jectrical  energy 
is  being  converted  into  energy  of  chemical  separation,  and  most  of  it  is 
being   stored  as  such. 

The  analogous  hydraulic  case  may  help  us  here.  Imagine  a  centri- 
fugal pump  placed  at  the  bottom  of  a  vertical  shaft,  an  i  driven  by  a 
steam  engine  so  that  it  forces  water  up  the  shaft.  There  will  be  a  differ- 
ence of  pressure  between  the  suction-pipe  and  the  delivery  pipe  of  the 
pump,  the  pressure  in  the  delivery  pipe  at  the  bottom  of  the  vertical 
»haft  being  greater  than  the  pressure  in  the  suction  pipe.  The  rate  at 
which  the  pump  is  giving  hydraulic  energy  to  the  water  is  measured  by 
the  product  of  this  increase  of  pressure  (or  hydraulic  E.  w.  v.)  and  the 
quantity  of  water  delivered  per  minute  (i.e.  the  current).*  Now.  let  the 
current  be  reversed  whilst  the  pump  continues  to  revolve  n  the  same 
direction,  and  therefore  continues  to  set  up  the  same  difference  of  pressure 
which  is,  however,  opposed  to  the  direction  of  the  current.  In  this  case 
the  pump  will  act  as  a  turbine  or  hydraulic  motor,  and  will  take  energy 
from  the  water,  which  can  be  utilised  to  drive  machinery  or  do  work. 
The  rate  at  which  this  energy  is  taken  from  the  water  and   absorbed  by 

•  It  is  assumed  that  the  water  is  moving  with  the  same  velocity  before  and   aiier    pul- 
ing the  pump.  ^^ 
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llif   tiirhtiie  i^  ag.iiii   measured  hy  tlic  pnxluct  o(  the  (b.ick)  prtSMire  and 

the  turrLiit. 

In  a  portion  ol   u  circiiit  in  whi  h  there  is  no  s-ninr  «;  i.    m.  r.,  the 

electrical  power  is  also  measured  by  the  product  of  the  !•.  D.  (V)  and  the 

current  (C),  and  remembering  that  we  have  V  =  C.R.    in  such  a  portion 

of  a  circuit  we  may  express  the  electrical  power  in  any  one  of  the  three 

forms — 

V 


W  =  VC  =  C  R  = 


n 


Tile  electrical  energy  in  this  case  is  all  beiiij;  tran^formed  into  fic.it,  and 
the  rate  at  which  liiis  heat  is  being  generated  may  be  expressed  by  .my 
of  the  three  last  i:rms,  though  the  second  (C'K)  is  the  one  most  usually 
employed. 

With  steady  currents  the  electrical  power  can  be  measured  by  using  a 
voltmeter  and  an  ammeter  to  measure  the  pressure  and  current  respectively, 
and  thtii  the  product  of  the  two  readings  will  give  the  number  of  watti. 
But  it  obviously  will  be  more  convenient  as  regards  the  measurement  of 
power  if  we  can  devise  an  instrument  whose  readings  depend  on  the  re- 
quired product,  and  whose  scale  can  therefor*.-  be  gr.iduated  in  watts. 
Such  an  instriment  '■■■  called  a  wattmeler. 

Before  describing  tne  instruments  it  may  be  pointed  out  that  power,  or 
rate  of  doing  work,  is  an  engineering  quantity,  and  therefore  there  should 
be  some  relation  between  the  electrician's  unit  of  p'lwer,  the  watt,  and 
the  engineer's  unit  of  power,  the  horse-power,  whicii  is  33,000  foot-lbs. 
per  minute,  or  550  foot-lbs.  per  second.  The  relation  does  exist,  and 
is  given  by  the  equation 

746  watts  =  I  horse-power. 

Wattmeters. — From  the  above  it  will  be  obvious  that  an  instru- 
ment which  is  to  measure  the  electrical  power  in  a  circuit  or  a 
portion  of  a  circuit  should  be  designed  so  that  its  indications  depend 
either  directly  or  indirectly  upon  the  product  of  the  current  passing 
and  the  pressure  applied.  Electro  dynamometers  and  current  balances 
lend  themselves  readily  to  the  conditions.  In  these  instruments,  to  be 
described  later,  the  reading  depends  upon  the  product  of  the  current  in 
a  movable  coil  and  the  current  in  fixed  coils,  and  when  used  as  ammeters 
or  voltmeters  these  coils  are  joined  in  series,  so  that  the  current  is  the 
same  in  both.  But  ;  ..?  two  sets  of  coils  ma^  be  disconnected,  and  one 
of  them,  preferably  the  fixed  coil,  may  be  made  to  carry  the  whole 
of  the  current  in  the  circuit,  whilst  the  other,  or  movable  coil, 
may  be  wound  with  a  wire  of  high  resistance  and  so  connected  up 
that  it  carries  a  current  proportional  to  the  pressure.  The  indications 
oi  liie  iiislruineiil  will  depeiiu  upon  itie  ptoducl  <>i  these  two  cunents, 
that  is,  upon  the  product  of  amperes  by  volts — in  other  words,  upon 
the  watts. 
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Hie  mfifiix!  of  joiniiiR  up  thoc  iiislriiiiiciits  to  the  circuit  to  h« 
tested  i*  sIidwii  (li.iKrainin.itii.illv  in  Fi^.  ^fn.  iin  .iixl  (  k  arc  tlic 
mains  supplying  cmrRy  in  circuits  between  ii  .mil  k.  One  of  tlie< 
mains  (ii  i>)  is  tut,  ami  the  sides  ol  the  bri  ik  joiiieil  to  ,i  and  h,  the 
terminals  of  tlie  tiiiik  wir--  or  annncter  mils  a  of  the  waiiineter.  The 
tctminals  <  ami  //  of  the  Inu  wire  or  voltmeter  coils  v  are  tonnected, 
one  to  eaih  main,  and  trci|i:Liitly  in  this  (.ircnit  an  additional  resjstante 
K,  whiih  is  kept  constant,  i>  intrixhutd  to  hilhl  still  liettir  the  con- 
ditions of  voltmeter  working  (wv  pa^e  .Jjo).  The  instrument  heing  so 
constructed  that  its  indications  depend  on  the  //W«<7  of  the  currents  in 
A  and  V,  these  indications  will  measure  the  power  in 
waits  which  is  being  used  between  the  points  D  and  k. 

Vl— EI.K>  TKIC     H.NKKr.V. 

The  correct   measurement   of  electric  energy  is  one 
of  the  most  impirtant  problems  which  has  been  brought 
to    the     front     by    the    development    of    the    dynamo 
machine  and  the  supply  from  central  stations  of  large 
ipiantities    of    electrical     ener),'y    for     diverse    purposes. 
It  is,  of  course,  useful  to  know  the  current,  the  pressure, 
the   power,  etc.,   hat,  above    all,  the  conoumer    is    con- 
cerned   with    the    total    energy   delivered    to    liini,    for 
it  is   this  whidi  perforr.s   the   work  which  ne   reuuirts 
^  to  be  done,  whether  it  be  mechanical  work  or  chemical 
hiK.  ,■,... ^cnne. lion.      Work,  as  in  electro-plating,  or  heatmg,  as  in  the  use  of 
WauiuMer.  electHc  ratliators,  ctc,  Or  lighting  either  by  arc  oi  glow 

lamps,  though  in   the    latter  case  much  of   the   eiitrgy 
IS  wasted  if  the  only  (jbject   be  to  produce  light 

It  is  not  one  of  the  least  of  the  achievements  of  modern  electrical  science 
that  it  has  introduced  into  everyday  life  the  actual  buying  and  selling 
of  energy  „s  energy,  directly  and  not  i-nlirectly.  It  is  true  that  when 
we  buy  (uel  or  gunpowder,  or  even  food,  what  we  really  desire  to 
make  practical  use  of  is  the  eiiergv  stored  in  the  commodity  dealt 
with.  But  we  do  not  measure  or  buy  the  eiicrgv  as  such  ;  what  we 
do  purchase  and  lake  delivery  of  is  so  much  mass,  so  many  pounds 
or  what  not,  of  the  material  from  w''ich  by  well-known  methods  ,ve 
hope    to   obtain    the   energy    we  desire. 

What,  then,  is  energy,  or  rather,  when  may  a  body  or  system  be 
said  to  possess  energy?  'J-he  reply  to  the  latter  ciuestion  I's  that  a 
body  or  system  possesses  energy  when  it  is  caf;tblf  of  dcwg  u'ork 
The  amount  ot  energy  is  inc.isured  by  the  aniouiii  of  work  tint  can 
be  .lone  in  the  most  idt  dly  (.vnuraWc  cireumHanccs.  The  ei.e.g, 
is  nulestructible  ;  but  during  the  iierfornance  of  the  work  it  usually 
changes     its    form     and    passes     to     other     bodies  or    systems.      Space 


mrw>*" 


MKAsvKMMfxr  Of  EyKHcr. 


3«l 


however,  will    not    alldw    us    to   (mumic    lurthcr    this    i.  Jng   pait    of 

the    subject. 

\Vf    have   seen    above    that    power    is   the    r,.  <loiii({   w.irk.      If 

this  rate,  that  is,  il  the  power,  be  kejit  ioi,s|.mt  ,  my  periinl  of  time, 
the  total  atiiouiit  of  work  iloiic  will  i)e  ^;i\eii  by  tiie  pioduet  of  the 
rate   by   the   time.     In    other   wonis : — 

Enenry  -  Power  x  Time. 

The  electrical  miit  of  poutr  is  the  watt,  ami  the  electrical  utiit  of 
time  is  tiie  mean  sol.ir  second  ;  the  electrical  unit  of  ener^s  must 
therefore  be  the  work  done  liy  one  watt  in  one  recoiid.  This  unit  is 
known  as  the  Joule.  in  honour  of  the  RTeat  Kngiish  experimenter  of 
that    name.     We   therefore    have  : — 

Joules  =  W«>ii.:>  X  Seconds 

Rxpre^sed    '..   engineer^'   ordinary    units   of   enerjjy, 

One  Joule  =  One  foot-lb.  <  0*737. 

For  t)rdinary  purposes  the  Joule  is  too  small  a  unit  to  be  convenient, 
and  therefore  a  much  larger  unit,  known  as  the  kilnuuitl  h.iir  or  Huard 
of  Traiir  unit  (H.T.U.),  has  been  brought  into  use.  In  this  unit  the 
power  is  measured  in  kilow  tts  (thousands  of  watts)  ami  the  time  in 
hours   instead    of  seconds.     Thus : 


Board  of  Trade  Units  =  Kilowatts  x  hours. 


or 


unit  which 
'.  he    electric 


iU 


Oni-   n.T.U,  =  1,000  X  3, boo  x  joules. 

=  3,600,000  jhules. 
=  2,054,000  fi,iit-lh' 

This  Board  of  Trade  unit  is,  in  these  islaif.  ,  t!..-  su. 
appears  in  the  accounts  rendeied  to  thei  ■"n-.ti mt- 
lightinj;  and  power  coinp.uiio. 

Instrun  ^ntS. — What  we  want,  then,  in  1  v  ■'.>  :m. 
electrical  energy  is  an  instrument  which  sha'i  ■  i" 
a  record  which  will  enable  us  to  adtl  i.,  <"> 
technically  called,  all  the  [)r(iducl>  of  power 
whole  period  during  which  the  power  is  being 
case  the  instrument  might  be  called  an  adding-up  or  integiating  waitmeter, 
though  a  better  name  would  be  an  energy  meter.  In  the  second  case 
it  would  be  sufficient  to  have  a  recrdius;  uattineter,  which  would 
record  the  number  of  watts  at  every  instant,  so  that  from  this  record 
the  total  energy  could  be  measured  up  or  calculated.  We  propose 
now  to  describe  some  early  forms  of  energy  meters  which  are  of 
historic    interest. 

Energfy   Meters.— The   first  which    we  shall  describe  may  be  called  a 
"  clock "  meter,  since   the    power    snpplied    simply    controls    the    rate  of 


measuring 

r  tAdd  i  p.  '  ;•  produce 

intr;,r  :     .     as     it     is 

!!':>     •'    ,    ghout    the 

In  the   first 
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going  of  a  clock,  the  clock  being  accelerated  proportionately  to  the 
power.  The  principle  employed  was  orij^iiiallv  suggested  and  used  by 
Professors  Ayrton  an  1  Perry,  who  in  1S.S2  constructed  an  energy  meter 
in  the  form  of  a  clock  whose  pendulum  was  electro-magnetically  con- 
trolled. The  idea  was  modified  by  Dr.  Aron,  and  one  of  the  e.irly 
forms  which  he  devised,  and  which  at  one  time  was  largely  used,  is 
shown  in  Fig.  351.  Two  separate  clocks,  each  controlled  bv  its  own 
pendulum,  were  mounted  on  the  same  base  plate.  The  last  wheels  of 
Ihe  train  of  each  clock  were  so  geared  together  that  if  the  clocks  were 
going  at  the  same  rate  the  counting  dial;;  seen  in  the  figure  were  not 
affected.     If,    however,  one  clock  gained  on  the  other,  the  dials  registered 

the  total  gain.  One  of  the 
pendulums,  that  on  the  left, 
was  an  ordinary  pendulum  with 
the  usual  adjustments,  but  the 
other  had  a  bob,  shown  on  a 
much  larger  scale  in  Fig.  .^52, 
consisting  of  a  solenoid  of  fine 
wire,  which  swung  inside  a 
larger  and  fi.xcd  solenoid  ol 
thick  wire.  The  fine  wire 
solenoid  w;»s  put  as  a  shunt 
across  the  supply  mains,  and 
thus  took  the  place  of  the 
fnie  wire  or  voltmeter  coi!  ol 
a  wattmeter,  whilst  the  thick 
wire  coil  carried  the  whole  cur- 
rent supplied  and  acted  as  the 
ammeter  coil  of  the  wattmeter.  The  joint  ell'cct  of  the  currents  in  the 
two  coils  on  the  rate  of  swing  of  the  pendulum  was  proportional  to 
the  products  of  those  currents,  that  is,  to  the  volt-amperes  or  watts 
supplied.  Thus,  the  right-hand  clock  was  tnade  to  err  at  a  rate  pro- 
portional to  the  watts,  and  therefore  the  total  error  in  a  given  time  was 
proportional  to  the  total  energy  supplied.  This  error  was  indicated  by 
the  rt.uiings  on  the  dials,  which  thus  registered  the  energy  consumed. 

The  next  meter  is  one  of  a  very  large  class  of  meters  which  are 
in  reality  small  electric  motors,  so  controlled  that  the  speed  of  rotation 
of  the  armature  is  proportional  to  the  power  that  is  being  supplied, 
and  therefore  the  total  number  of  revolutions  of  the  armature,  which  can 
be  automatically  counted  quite  easily,  measure  the  total  energy.  The 
great  difficulty  is  to  ensure  the  above-mentioned  proportionality  between 
speed  and  power,  and  many  are  the  devices  adopted  for  the  purpose- 
Another,  though  minor,  difficulty  is  to  reduce  the  trictional  resistances 
so     far    that     the    armature    will    n!t;ite    even    when    the    power    to    be 
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measured   is   only    a    small    fraction 
meter   is   designed. 

The  particular  meter  illustrated  in  Fig.  353  was  designed  by 
Professor  Elihu  Thomson,  and  is,  though  somewhat  niodified,  very  widely 
used.  The  two  large  fixed  coils  which  are  so  prominent  are  the  field- 
magnet  coils  of  the  mc.tor  ;  they  carry  the  total  current  supplied,  but 
have  no  iron  cores,  the  magnetic  circuit  of  this  curious  electric  motor 
being  composed  entirely  of  non-magnetic  materials.  The  armature  is 
mounted  upon  a  vertical  spindle,  and  rotates  between  these  coils.  It  is 
wound  with  fine  wire,  which,  in  series  with  a  non-inductive  resistance,  is 
placed  as  a  shunt  across  the  mains,  and  therefore  transmits  a  voltnieter 
current.  Now  it  can  be  shown 
that  the  turning  moment  acting 
on  tiie  movable  armature  is 
proportional  to  the  product  of 
the  current  in  the  two  cods — 
that  is,  to  the  watts  supplied 
to  the  consumer.  It,  there- 
lore,  we  can  make  the  oppos- 
mg  moment  proportional  to 
the  steady  speed  of  rotation, 
that  speed  will  be  proportio;ial 
to  the  watts,  which  is  just 
what  is  required.  The  result 
is  achieved  by  means  ol  the 
magnetic  brake  seen  in  the 
lower  part  of  the  figure.  A 
horizontal  disc  of  copper  is 
fixed  to  the  spnidie,  and  three 
strung  horseshoe  magnets,  with 
their  poles  close  to  one  another, 
but  on  opposite  sides  of  the  disc,  are  fixed  so  that  the  latter  rotates  freely 
between  them.  The  copper  disc,  as  we  shall  explain  later,  lotating  in 
these  strong  magnetic  fields,  has  currents  set  up  in  it,  which  by  their 
reaction  on  the  fields  retard  its  motion,  and  the  retarding  couple  is 
proportional  to  'he  speed.  Hy  adjusting  the  position  (jf  the  magnets  the 
counting  dials  which  record  the  revolutions  of  the  armature  can  be  caused 
to  indicate  Roard  of  Trade  units. 

Coulomb-meters. — The  factors  of  electric  current  energv  being  the 
rurrent  (r),  the  pressure  o\  potential-diflcreiice  (\),  and  the  time  (t)  ;  or 
in  symbols 

W  =  V   (•    T, 

it  is  obvious  that  if  the  pr.>.sure  v  be  kept  constant  it  will  be  sufficient  to 
measure  the   product   c   T.     The    pioJucL    of  amperes   and    seconds   givei 
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quantities  of  ekctritity  of  coulombs  {sec  page  iq"),  and  coulomb-meters  are 
instruments  whicli  record  tlie  total  value  ot  the  pr  )duct  C  T  when  a  current, 
either  steady  or  otherwise,  is  passed  througii  tl.cm  for  a  definite  time  t! 
To  fjcl  the  value  of  the  i-nerRv  tlicir  indications  must  therefore  be 
multiplied  by  the  mean  value  vol  the  i-oteiitial-dilTerence.  On  the  other 
hand,  energy  meters  give  at  oiive  the  value  of  the  proiinct  v  r  t,  and 
therelore  follow   the  changes  in   v  as  well   as  those  in  <  . 

The  hrst  lorni  of  meter  used  lor  public  supply  purposes  was   invented   by 

I-Mison,  and  was  based 
on  the  principle  of  the 
voltameter     explained 
at  p.ige  102.       As  the 
weight     of     the     ions 
separated    in    a    volta- 
meter   is    jiroportional 
'  to    the    total    quantity 
of  electricity  that    has 
been    passed     through, 
all  instruments  of  this 
type   are   essentially 
I  c  o  u  1  o  m  b  -  m  e  t  e  r  s . 
Edison  made  use  of  a 
'  zinc    Voltameter,    (hat 
is,   a    voltameter   con- 
sisting of  plates  of  zinc 
in    a   solution    of   zinc 
sulphate  ;    the  weight 
of    zinc    deposited    on 
the     kathode     directly 
measured  the   total 
number    of    coulombs 
suj)plied    to    the    con- 
sumers, and  these  mul- 
tiplied by  the  volts  and 
divided  by  3,600,000  (;,t)00  x   1,000)  gave  the  number  of  Hoard  of  Trade 
units  delivered. 

riie  early  forms  of  the  Hdison  coulomb-meter  will  he  found  described 
in  the  first  edition  of  this  hook.  \  more  recent  form,  embodying  many 
nnprovemenls  suggested  bv  experience,  is  depicted  in  Fig.  ;.:4.  It  is  known 
as  tile  "Standard  Three-Wire  Meter,"  since  there  are  two  circuits  through 
the  meter,  so  that  current  drawn  from  either  side  of  a  three-wire  system  will  be 
measured.  The  conductors  leading  from  the  external  wires  of  the  distri- 
buting mains  are  cut,  and  the  gap  in  each  case  bridged  by  one  of  the  circuits 
of  t!ie  meter,     ^^:.■\.\n^^^  oi-.e  of  tlic-e   circuits,  llic   bulk  uf  the  current  passes 
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through  one  of  the  zigzags  of  stout  German-silver  strip  seen  in  the  top  of  the 
case.  The  voltameters  are  placed  in  a  branch  circuit,  so  that  only  a  definite 
fraction  of  the  total  current  passes  throujjh  them.  This  h  anch  circuit 
contains  not  only  the  voltameter,  but  also  a  coil  of  fine  copper  wire,  which  can 
be  seen  behind  the  voltameter  on  the  right,  and  whose  resistance  still  further 
diminishes  the  current  through  the  voltameter.  The  copper  coil  has,  however, 
a  still  more  important  function.  It  is,  of  course,  necessary  for  accurate  work 
that  the  ratio  of  the  currents,  and  therefore  the  ratio  of  the  resistances  of  the 
main  and  branch  circuits,  should  remain  the  same  at  all  temperatures. 
Unfortunately,  however,  the  resistance  of  zinc  sulphate  varies  widely  with 
change  of  temperature,  diminishing  as  the  temperature  rises.  Copper  also 
\  aries,  but  in  the  opposite  direction,  whilst  the  variation  of  German-silver  is  but 
>  light.  It  can  readily  be  seen,  therefore,  that  by  combining  a  proper  resist- 
ance of  copper  with  the  zinc  sulphate  in  the  branch  circuit,  the  resistance  of 
that  circuit  can  be  made  to  vary  proportionately  with  that  of  the  German- 
silver  in  the  main  circuit,  and  thus  the  ratio  of  the  two,  and  therefore  the 
ratio  of  t!>-    urrents  in  them,  will  remain  constant. 

Each  voltameter  consists  of  two  vessels,  each  containing  two  plates  made 
of  zinc  cast  with  two  per  cent,  of  mercury.  As  can  be  seen  in  the  figure,  the 
two  vessels  of  the  voltameter  are  in  parallel  with  one  another,  so  that  the 
current  divides  between  them,  and  chemical  action  takes  place  in  each,  zinc 
being  deposited  on  the  kathodes  and  dissolved  oflT  the  anodes.  The  meters 
are  periodically  inspected,  and  at  definite  intervals  the  voltameters  are  re- 
placed by  others,  the  old  ones  being  taken  to  the  station,  wherr  .''e  plates 
are  weighed,  and  the  account  for  the  energy  supplied  calculated  from  the 
weighings. 

The  meters  are  made  in  four  standard  sizes,  numbered  i,  2,  4,  and  8 
respectively.  The  resistances  are  so  proportioned  in  the  various  sizes  that 
the  deposition  of  10  milligrammes  of  zinc  in  the  voltameter  denotes  the 
number  of  ampere-hours  indicated  by  the  number  of  the  meter.  Thus,  in 
No.  4  meter  the  deposition  of  the  above  weight  of  zinc  measures  the  passage 
of  4  ampere-hours  of  electricity.     An  ampere-hour  is  3,600  coulombs. 

One  great  disadvantage  of  voltametric  meters  is,  that  it  is  impossible  with 
them  for  the  consumer  to  ascertain  his  consumption  from  time  to  time,  and 
thus  be  in  a  position  to  clieck  any  waste  that  may  be  going  on.  The  majority 
of  modern  meters  are  therefore  so  designed  that  the  energy  consumed  is 
indicated  on  a  dial  or  dials  like  those  of  a  gas-meter,  so  that  the  consumer 
can  readily  read  off  the  amount  of  energy  used  up  to  tiie  time  of  reading. 

A  simplified  form  of  the  Aron  energy  meter  has  been  largely  used  as  a 
coulomb-meter  to  measure  the  energy*  on  constant  pressure  circuits.  In  this 
form  (Fig.  355)  the  complicated  pendulum  bob  shown  in  F"ig.  352  is  replaced 
by  a  simple  magnet  m  attached  to  the  end  of  the  pendulum  rod,  and 
swinging  over  a  solenoid  s  of  thick  wire,  placed  with  its  axis  vertical,  and 
carrying  the  whole  current  in  the  circuit.  The  alteratii-'n  of  the  rate  nf'-winjj 
25 
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of  the  right-fiand   penduliitu  will  depend  upon  the  magnetic  efTitt  of  the 
current   in   the   solenoid,  since  the  magnetism  of  the  swinging  magnet  is 

constant.  But  as  the 
solenoid  has  no  iron  core 
its  magnetic  effect  will 
be  strictly  proportional 
to  the  current  in  the 
wire.  Thus  the  alteration 
in  the  rate  of  swing  will 
be  proportional  to  the 
current,  and  since  the 
total  effect  of  these  alter- 
ations is  shown  by  the 
dials  the  indications  of 
the  latter  will  be  pro- 
portional to  the  total 
coulombs  that  have 
passed  through  s. 

Many  other  forms  of 
coulomb-meters,  and  also 
of  energy- meters,  were 
devised  during  the  first 
lew  years  of  the  develop- 
ment of  the  public  supply 
of  electric  current  energy 
for  lighting  and  power 
purposes,  and  some  of 
them  are  certainly  of 
historical  interest.  Space, 
however,  will  not  allow  us 
to  enter  into  details  of 
these,  -  -  f  we  must  now 
resei  further   con- 

sidei  jf    measurin; 

instrui     .,,j  and  measure- 
iilmuous  current  circuits  for  the  technological  secti.  n  of  the 
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CHAPTER    X. 

FURTHER     APPLICATIO.ys     Ql-     TFIE    EFFECT'^     OI- 
THE     CCRREST. 

Thk  magnetic  effect  of  the  current  was- >oon  alter  its  discovery  pressed  by 
.nventors  mto  the  service  of  man  for  purposes  other  than  tho^e  of  nieasure- 
nient,  and  the  early  attempts  to  utihse  the  mysterious  mechanical  and 
chemical  forces  developed  have  long  since  passed  into  the  history  of 
tne  science.  Before  dealing  with  other  fundamental  discoveries  and  their 
developments  we  may  pau>e  liere  to  dwell  upon  the  application  ^.f  the 
phenomena  and  principles,  which  have  now  1  een  described,  in  a  direction 
which  produced  the  most  profound  social  changes  in  the  latter  half 
of  the  nineteenth  century.  We  are  still  t,K,  near  in  point  of  time 
to  estimate  in  all  its  bearings  the  influence  which  the  development  of 
telegraphy  has  had  upon  the  history  of  the  race,  but  it  is  certain  that 
the  philosopher  of  the  future  will  assign  no  mean  place  to  this  depart- 
.n.nt  ot  applied  science  when  examining  the  s,.i.,,„gy  o,  the  last  cen  uiy 
The  pages  ne.u  following  will  therefore  deal  with 


THE    ELECTRIC    TELEGRAPH. 

I. — KAKI.V    HISTORY. 

Experiments  in  telegraphy  were  made  .is  far  hack  as  the  year  n., 
when  .t  was  proposed  to  represent  letters  by  combinations  of  ..:  rks  etc  ' 
but  these  were  of  little  practical  value  before  the  discovery  oi  '  .e  dmric 
current  and  its  properties.  "  eitctric 

The   earliest    proposal    to    use   the   transmission   of  electricity    for    the 
communication  of  signals  appears  in  the  5c-.A   l/,,,^„.,„.  for  February    i-   , 
where  a  correspondent,  from  Renfrew,  who   Mgns  himself    C.  M  '  proiosi 
several    kinds  of  te  egiaphs  acting  by  the  attractive  power   of  charZ   o 
eh.c  ricity,  coin.yed  by  a  series  of  parallel  wires,  corresponding  in  tuX  to 
the  letters  of  the  alphabet,  and  insulated  by  supports  of  glass  or  j;'welllrs° 
cement  at  every  twenty  yards.      Words  were  to  be  speU  by  "e  ch    /e. 
attracting  letters,  or  by  striking  bells  corresponding  to  lette  s.  '  r     e  Le  S  fe 
of  Geneva,  in    1782,  proposed  to  convey  twenty'four  .nsulateu   ^ires  ^^a 
ubterranean  tube,  and  to  indicate  the  letters  of  the  alph.-il-ct  by  n  earn  of 
tne   attraction   ot   light   bodies.      In   1811   Sommermg  sugge  ted  a  sSlar 
application    of  voltaic  electricity,  chemical  decomposLnl      g  ,he     £ 
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observed ;  and  as,  to  a  certain  extent,  he  carried  his  suggestion  into  cfTet-t. 
he  is  sometimes  regarded  as  the  first  who  made  a  practical  telegraph. 

Samuel  Thomas  Summering  was  born  in  1755,  at  Thorn,  studied  medicine 
at  Gottingen,  and  became  Professor  of  Anatomy  at  Kassel.  He  was  led 
by  a  suggestion  of  the  Minister  Montgelas  to  use  the  voltaic  current  in 
telegraphy  in  the  following  manner; — When  the  Austrian  troops  crossed  the 
Inn,  iSoQ,  and  entered  Bavaria,  King  Maximilian  fled,  in  company  with 
Montgelas,  to  Dillingen  ;  here  he  was  surprised  by  the  unexpected  arrival  of 
Napoleon.  At  this  time  Chappe's  optical  telegraph  w^s  used  in  France,  and 
t<hrough  it  Napoleon  had  obtained  the  news  of  the  crossing  of  the  Austrians 
•ooner  than  had  been  expected,  and  the  consequence  was  that  Munich,  which 


Fig.  156.— SSmmering's  Teligraph. 


had  been  taken  on  the  i6th  of  April,  was  retaken  by  Na|5oleon  on  the  22nd 
of  April,  so  that  Maximilian  was  able  to  return  to  his  capital  the  same  month. 
The  prominent  part  which  the  method  of  signaUing  had  played  in  this  im- 
portant event  caused  Montgelas  to  ask  the  Academy  to  lay  proposals  before 
him  for  a  system  of  telegraphy.  Akhougli  Montgelas  can  only  have  had  in 
mind  the  optical  telegraph,  Sommering  conceived  the  notion  of  making  use 
of  the  electrolysis  of  water  by  the  galvanic  current  for  this  purpose.  His 
experiments  commenced  on  July  8th,  i8oq.  On  the  6th  of  August  he 
telegraphed  through  a  length  of  wire  of  724  feet,  and  on  the  i8th  of  August 
through  a  wire  2,000  feet  bng.  His  apparatus  is  shown  in  Fig.  3:6.  It 
contained  twenty-seven  wires  for  the  f.v?.-!Uy-fivc  letters,  together  with  stop 
and  repeating  signs.     These  wires  are  covered  with  an  insulating  substance, 
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and  twisted  so  as  to  form 


ablt 


Or 


was  cemciit 


id  ot  each  wire  ended  in  a  gold  pin 
torn  of  a  rectangular  flat  glass  box  filled  with 
water  ;  the  other  end  was  connected  with  a  frame  containing  twenty-seven 
connecting  pivots,  each  of  which  was  lettered.  A  voltaic  pile,  consisting  of 
fifteen  Brabant  thalers.  zinc  discs,  and  felt  impregnated  with  a  solution  of 
ordinary  salt,  was  used  as  attery.  The  poles' of  this  bitte-/  ended  in 
plugs,  which  were  inserted  in  two  holes  of  the  pivots,  anu  hydrogen  and 
oxygen  were  then  evolved  at  the  corresponding  gold  pins,  and  by  seeing  at 
which  pole  the  gas  was  produced  the  observer  told  which  letter  it  was  intended 
to  signal.  Simmering  further  combined  with  this  apparatus  an  alarm,  as 
shown  in  the  figure.  A  spoon-shaped  glass  vessel,  placed  so  as  to  catch  the 
escaping  h  and  o  of  two  gold  pins,  was  connected  with  an  angular  lever  ; 
the  horizontal  arm  of  the  lever  reaching  out  of  the  glass  box  loosely  supported 
a  leaden  ball.  When  the  evolution  of  gas  commenced  the  spoon  was  raised, 
the  protruding  arm  of  the  lever  was  lowered,  and  the  leaden  ball  allowed 
to  fall  through  a  glass  funnel  upon  the  lever  of  a  clock,  which  made  the  bell 
ring.     Sommering's  apparatus  was  never  applied  to  practical  use. 

In  i8iq  the  deviation  of  the  magnetic  needle  through  the  action  of  an 
adjacent  electric  current  became  known,  and  Ampere,  in  1820,  and  Fechner, 
in  iS2Q,  showed  how  to  make  use  of  this  fact  for  telegraphic  purposes! 
Ampere's  plan  was  to  use  thirty  needles  and  si.xty  wires  ;  PVchner's  twenty- 
four  needles  and  forty-eight  wires  ;  for  at  first  it  was  supposed  that  there 
must  be  a  separate  needle  for  each  letter  or  sign  signalled  ;  these  proposals, 
however,  came  to  no  practical  results. 

Baron  Schilling  constructed  an  electro-iiKigiietic  telegraph  in  iJ<:j  Ky 
making  use  of  the  multiplier  devised  by  S.  Cii.  Scluveigger  {.s,;-  page  ■5*4 ;1: 
hut  the  first  electro-magnetic  telegraph  of  which  practical  use  was  made  was 
the  telegraph  constructed  by  Gauss  and  Weber  at  Gottingen,  in  18^3, 
with  a  line  of  3.000  feet  of  wire. 

The  origiml  apparatus  was  sent  to  the  Exhibition  at  Paris  in  1881,  and 
has  been  described  in  La  Lttmuir  Elcctrique  (vol.  viii.).  It  is  represented  in 
Fig-  .-."7.  n  n  is  a  galvanometer  Irame  in  which  the  magnet  .a,  3.07  feet  141 
length,  carrying  a  small  mirror  m,  is  suspended  by  means  of  a  silk  thread. 
The  sender  consisted  at  first  of  a  simple  galvanic  battery,  for  which  the  in- 
duction appsratus  shown  in  Fig.  35.><  was  afterwards  substituted.  Two  large 
magnets  a,  each  weighing  25  pounds,  were  arranged  vertically  upon  a  frame 
so  that  their  north  poles  projected  above  the  frame.  The  induction  coil  h 
was  placed  loosely  about  the  m.Jdle  of  the  magnets,  so  that  it  could  be  moved 
freely  by  means  of  handles.  The  ends  of  the  coil  b  were  connected  with  the 
coil  in  the  galvanometer  frame.  A  quick  motion  of  the  coil  generated  an 
induced  current,  which  reached  the  galvanometer  frame  through  the  wires, 
and  caused  the  magnetic  rod  to  be  d  .'fleeted.  The  direction  of  deviation  was 
determined  by  the  direction  in  which  the  coil  was  moved,  and  it  is  evident 
that  by  combinations  of  these  deflections  a  whole  alphabet  could  be  formed. 
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To  limplify  the  manipulations,  a  double  It-vcr  l  was  added,  wlii.Ii  iiiovcJ  a 


— CauM  «nd  WeUr  «  Teleijrlph. 

commutator  as  well  as  the  coil.    The  call  signal 
was  given  by  means  of  a  bell  and  clockwork. 

In   the   year    1837    three   independent    in- 
ventors   described    practical   systems    of    tele- 
graphy.   They  were  Carl  August  \'on  Steinheil, 
of  iMunich,  who   had  been  a  pupil  of  Messrs. 
Gauss  and  Weber  ;  Sir  Charles  Wheatstone,  of 
London  ;  and  Mr.  Morse,  of  the  United  States. 
The  telegraphs  of  the  two  first  resembled  in 
principle  Oersted's  and   Gauss's  ;   that  of  the 
last  consists  in  making  a  ribbon  of  paper  move 
by   clockwork,   whilst    inierruptcd    marks    are 
imp.essed  upon  it  by  a  pen  or  stamp  of  some 
kind  brought  in  contact  with  the  ribbon  by 
the  attraction   of  a  temporary  magnet,  which 
I  is  excited  by  the  circulation  of  the  telegraphic 
current.     By  the  telegraph  of  Wheatstone  the 
needle  moves  only  to  the  right  or  left,  and  by 
the  combination  of  a  certain  number  of  right 
.  ^"<1    left    motions,   cither   with    one    or    two 

mdependent  needles  acted  on  at  once  by  distinct  currents,  the  alphabet  is 
easily,  though  somewhat  tediously,  constructed. 


V^g.  5jD. — Gauss  and  Weber's 
Sending  Apparatus. 
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It  thus  appears  that  we  cannot  claim  tlie  exclusive  inventi.-n  of  electric 
telegraphy  for  any  one  individual.  But  of  the  several  inventors  none 
probably  showed  such  perseverance  and  skill  in  overcoming  dilliculties  as 
W  lieatstone.  His  telegraph,  accordingly,  was  in  general  use  in  England 
before  Von  Steinheil  was  able  to  obtain  a  similar  success  in  C;ermaiiy. 

To  Steinheil  must  be  further  ascribed  the  discovery  of  the  possibility  of 
conveymg  the  returning  electric  current  back  through  the  earth,  a  discovery 
«hich  was  of  the  greatest  utility  in  the  further  development  of  telegraphy  ; 
indeed,  no  discovery  is  perhaps  more  deserving  of  notice  on  account  of  its 
importance  than  this  of  the  apparently  infinite  conducting  power  of  the  earth, 
when  made  to  act  as  the  vehicle  of  the  return  current.  Setting  all  theory 
.isidc,  It  IS  an  unquestionable  fact  that  if  a  telegraphic  communication  be 
made,  suppose  from  London  to  Brighton,  by  means  of  a  wire  going  thither, 
passmg  through  a  galvanometer,  and  then  returning,  the  strength  of  the 
current  shown  by  the  galvanometer  at  Brighton  will  be  almost  exactly  doubled 
If,  instead  of  the  return  wire,  we  establish  a  good  communication  between 
the  ends  of  the  conducting  wire  and  the  mass  of  the  earthat  Brighton  and 
London.  The  whole  resistance  of  the  return  wire  is  at  once  dispensed  with. 
The  fact  was  more  than  suspected  by  Steinheil  in  18^8,  but,  lor  some  cau-c 
or  other,  it  obtained  little  publicity  ;  nor  does  the  author  appear  to  have 
exerted  himself  to  remove  the  reasonable  prejudices  with  which  so  sinmil.ir 
a  parado.x  was  naturally  received.  A  most  ingenious  inventor,  .\Ir.  Bain, 
whose  chemical  telegraph  we  shall  describe,  independently  discovered  the- 
principle,  and  proclaimed  its  application  somewhat  later  ;  and  in  1S4;  perhaps 
the  first  entirely  convincing  e.xperiments  were  made  by  M.  -Matteu^ci,  at  Pisa. 
From  this  time  the  double  wire  required  to  move  the  needle  telegraph  w.is 
reduced  to  a  sinijie  one.  The  apparent  parad..x  is  now  known  to  be  a  con- 
sequence of  Ohm's  law.  for  it  can  be  shown  mathematically  that  if  a  conductor 
be  infinitely  extended  the  resistance  between  any  two  points  in  it  depends 
on  t^he  size  of  the  electrodes,  and  not  on  the  distance  between  them. 

Meanwhile  the  needle  telegraph  had  undergone  some  farther  modi- 
fications. William  P'othergiU  Cooke,  who  had  seen  Schilling's  apparatus 
in  1836  at  Professor  Munke's  house  in  Heidelberg,  copied  it,  and  brought 
it  to  England.  Intent  on  improving  the  apparatus,  he  joii.ed  VVheatstone, 
and  together  they  constructed  a  needle  apparatus  with  four,  and  another 
with  five,  needles.  The  latter  is  represented  in  Fig.  359.  The  signs 
were' given  by  the  deviation  of  two  needles  at  the  same  time.  As  may 
be  seen  from  the  drawing,  twenty  different  signs  could  be  given  by  the 
apparatus.  The  possibility  of  long  distance  telegraphy  was  much  advanced 
about  this  time  by  the  discovery  of  Henry— now  known  as  the  "  law  of 
ampere-turns"  {.ee  page  282)— that  a  weak  current  circulating  many  times 
round  the  core  of  an  electro-magnet  can  produce  the  same  magnetic  effect 
as  a  strung  current  passing  a  few  "mes  round  the  same  core. 

Cooke  and  Wheatstone  took  oui    their  first  patent  in  1837,     A  local 
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circuit  was  used  for  working  the  alarm,  this  being  the  first  application 
of  the  so-called  relay.  By  inventing  the  relay,  Wheatstone  made  it 
possible  to  telegraph  on  long  lines  with  much  weaker  currents.  The 
*  relay  was  first  used  for  the  alarm  only, 

in  the  form  shown  in  Fig.  363.     The 
current    going    through    //'    passes 
through  the  coil   m,  disturbing   the 
equilibrium  of  the  magnetic  needle, 
movable  about   the    axis    x   v,    and 
causing  the   lever  a  b  to  lower   its 
end  a,  and  to  dip  into  the  mercury 
cup,  closing  the  circuit  of  the  local 
battery  b  and  the  magnet  h,  and  caus- 
ing the  pin  s  to  strike  the  bell  g. 
The   first    experiment   with 
the   five-needle    apparatus   was 
made    at    the    North-Western 
Station  in  London,  with  a  wire 
of  i\  miles  long.     In  1840  the 
Great  Western   Company  con- 
structed a  line  39  miles  long,  but 

11.  T.iei.«*      didnotextendthelineanyfarther 
on  account  of  the  expense. 
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In  1839  Wheatstone  replaced  the  five  needles  by  a  single  needle  or 
pointer  moving  over  a  dial  by  a  "  step-by-step "  motion,  so  as  to  pass 
successively  the  letters  of  the  alphabet  engraved  on  the  circumference 
of  the  dial.  It  is  represented  in  Fig.  361.  The  sender  here  consists  of 
a  ratchet  wheel  k.  The  springs  n  «'  are  so  arranged  that  when  one 
spring  makes  contact  with  a  tooth,  the  other  spring  will  stand  between 
two  teeth.  The  negitive  pole  of  the  battery  is  connected  with  the 
metal   mass  of  the   wheel,   and  the  current  flows  from  the   positive  pole 


31lBii'_fS^-;«-JB-"  '-•    T  ■« 


WhSATSTOM^S    TsLKCKAfH. 


y^i 


to  the  receiving  station.  The  receiving  apparatus  consists  of  the  two 
eieftro-magnets  e  e,  with  the  two  armatures  n  a  and  the  clockwork  u 
whose  pointer  z  nuives  over  the  different  ^igns,  the  clockwork  hcing 
put  in  motion  by  the  weight  g.  The  wire  +  /  of  *.he  sending  station 
leads  to  the  clamp  k,  of  the  receiving  station  ;  clamps  k,  and  k,  of  the 
receiving  station  are  connected  with  the  springs  n  n  ;  when  the  wheel 
K  is  moved  the  battery  current  will  alternately  flow  through  the  electro- 
magnets e  and  <•„  passing  through  the  i.lectrn-magnet  <•  when  the  spring  n 
rests  upon  a  tooth,  as  shown  in  the  figure,  and  through  the  electro- 
magnet t,  when  the  spring  w'  comes  to  rest  upon  a  tooth.  Owing  to  the 
alternate  excitation  of  the    two  electro-magnets,   an  alternate    attraction 


Fig.  361. -Wheantont'i  Sifp-by-Si»p  Telecrafh. 

of  the  armatures  a  a'  will  take  place,  and,  therefore,  a  swn.ging  of  the 
escapement  s,  which  alternately  releases  a  tooth  of  the  wheel  d  first  on 
the  right  and  then  on  the  left,  thus  allowing  the  pointer  to  move  one 
place  for  each  current  sent. 

Morse's  contributions  to  telegraphic  science  in  its  e.irly  days  are 
particularly  interesting.  A  painter  by  profession,  he  did  not  take  up 
the  subject  which  has  made  his  name  world-famous  until  late  in  life, 
being  attracted  thereto  by  hints  received  from  others.  In  1837  he  con- 
structed an  apf.iratus  which,  though  very  different  in  appearance  from 
the  now  well-known  Morse  receiver  or  ink-writer,  contains  the  germ  of 
that  instrument.  It  was  further  associated  with,  and  rendered  still  more 
interesting  by  the  use  of,  an  automatic  transmitter,  the  forerunner  of 
the  beautiful  transmitters  which  are  the   pride  of   modern  telegraphy. 

This    first   apparatus    of    Morse's    transmitted    signs    by    combinations 


^as 


394 


Elictkiuitv  IX  rim  Skkuck  or  Max 


of  two  simple  iiiotioii*.  nine  signs  Ijeinj,'  used  to  represent  the  figure* 
I— 9.  Fig.  3«j  represents  Morse's  apparatus  for  the  transmission  of 
these  nine  numbers.  Tlic  frame  c  c  Is  vertically  favtened  upon  a  table, 
and  carries  a  complex  pendulum  o  b  and  the  electro-magnet  K.  Upon 
the  pendulum,   winch   bears   a  pencil  at   the    lower  end,  is   fastened   the 

armature  of  the  electro- 
magnet ;  a  paper  strip 
passes  over  the  roller  k 
underneath  the  pencil, 
and  is  kept  in  motion 
by  means  of  the  cIiKk- 
work  //  an-;  the  roller* 
r  t*.     W'len  the   pen- 
dulum 1=  ill  its  central 
position  the   pencil 
traces   lines    upon    the 
paper  that  are  parallel 
in     direction     to     the 
length    of    the    strip  ; 
when  the  armature  is 
attracted  a  slanting  line 
(see  Fig.  \i,\)  is  traced 
by   the    pencil,    and 
another    slanting    line 
is     traced     when     the 
magnet  lets  the  arma- 
ture go,  and  the  pen- 
dulum  returns    to    its 
original    position.     By 
alternate  magnetisation 
and      demagnetisation 
V-shaped      lines      are 
formed.     One  V  indi- 
cates the  figure  i  ;  two 
V's  the  fi^'jure  2  ;  and  so 
on.     These  deflections 
of  the  pencil  are   pro- 
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duced  m  the  tollow.ng  manner  :  The  lever  l  of  the  sender  "has  the  weight 
N  placed  at  one  end,  and  under  this  a  pin  ;  at  the  other  end  a  bent  wire 
.s  arranged,  wh.ch  when  dipping  into  the  mercury  cups  v,  connects 
them  w,th  each  other,  and  by  doing  so  closes  the  circuit  of  the  battery 
P  and  electro-magnet  e.  The  types  are  placed  in  the  wooden  frame  a 
When  A  1,  made  to  move  under  the  lever  n.  tl-.e  !ev,-r  nil!  dn.e  the  circuit 
as  often  as   the   edges   of  the  lead   tvpes  raise  the  end    n    of   the    lever 
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The  pencil  at  b  will,  therefore,  make  tlio  corre>p<indinjj  signs  on  the 
paper  strip.  Ab<iut  the  time  when  this  apparatus  was  constructetl, 
Morse  made  the  acquaintance  of  Alfred  Bail,  who  aided  him  greatly, 
and  afterwards  became  one  of  his  partners.  The  experiment  succeeded 
for  the  first  time  on  the  4th  September.  1H37.  The  si^ns  obtained 
were  those  shown  in  Fig.  3,;,,  which  correspond  to  the  numbers  215, 
36.  2,  58,  112,  04,  01837,  which,  according  to  the  telegraphic  dictionary, 
gave  the  words  "Successful  attempt  with  telegraph,  September  4th,  18^7." 
Morse's  apparatus  became  known  to  Francis  ().  T.  Smith,  a  nuinber 
of  Congress,  and  through  his  aid  .Morse  was  enabled  to  make  a  journey 
to  London  and  Paris,  which,  however,  proved  fruitless  as  regards  the 
findmg  of  means  to  give  effect  to  his  invention.  When  he  returned  to 
New  York  (1830)  Morse  again  took  to  painting,  and  afterwards  to 
c'aKUerreotyping,  in  order  to  maintain  himself.  In  1843  Congress  voted 
the  sum  of  30,000  dollars  for  the  construction  of  3  trial  line,  and,  as 
a  consequence  of  this  grant,  the  first  line  in  America,  40  miles  long, 
was  tried  for  the  first  time  in  1844,  between  Washington  and  Baltimore. 
Morse's  apparatus  had, 

by  this  date  it  closely  re-     )    1    »  0      '.  n    1  i!  S         7 

sembled  lae  form  now  V^f\tr\AAV^r  \A/f\^M\^fW'W^// 
usually  employed.     From  ,„   ,.„„„„,.,  p,„,  T,„„.„hic  wn..,„. 

that    period     the     Morse 

apparatus  had  a  large  demand,  and  in  a  very  short  time  became  widely 
if  not  generally  used.  Morse  became  electrician  of  the  New  York  and 
Newfoundland  Telegraph  Company,  and  also  of  the  New  York,  Newfound- 
land, and  London  Telegraph  Company,  and  about  the  same  time  he  was 
further  appointed  Professor  of  Natural  History  of  Yale  College,  New  Haven. 
In  1857  he  received  a  present  from  ten  Eluropean  States  of  400,000  francs, 
as  an  acknowledgment  of  his  international  services.  Two  monuments  were 
erected  to  him  in  New  York— one  in  1871,  the  other  in  1872,  the  year  of 
his  death. 

The  Morse  instrument,  which  has  been  greatly  improved  in  E;urf>pe. 
is  equalled  in  usefulness  by  Hughes'  printing  instrument.  This  and  the 
Morse  apparatus  were  declared  by  one  of  the  early  International  Telegraph 
Congresses  to  be  the  only  exclusively  reliable  instruments  for  the  inter- 
national  telegraph  service.  The  first  printing  telegraph  instrument,  how- 
ever, was  constructed  by  the  American,  Bail,  in  1837.  Bain  followed 
in   1840,  and  Wheatstone  in    1841. 

David  Edwin  Hughes  was  born  in  London  in  1831,  but  emigrated 
in  1838  with  his  father  to  Virginia,  where  he  was  appointed  Professor  of 
Music  at  the  High  School,  Barnst.  11.  Here  he  studied  natural  science 
with    such    success  that   after  soni     time  the   professorship  was   offered  to 
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him.  He  devoted  his  time  for  some  years  to  the  construction  of  a 
type-printing  telegraph  apparatus,  which  he  completed  in  1853.  A 
society  in  New  York  was  formed,  which  undertook  the  introduction 
of  the  printing  apparatus  in  America,  whilst  Hughes  himself  went  to 
Europe  for  the  purpose  of  making  his  instrument  known.  He  met  with 
no  success  in  England,  but  was  able  to  introduce  the  instrument  into 
France,  whence  it  very  soon  reached  other  countries. 

The  chemical  telegraph,  which  had  been  first  constructed  by  Summering, 
was  so  much  improved  in  the  course  of  a  few  years  that  it  was  of  practical 
use  to  Bain  in  1842.  The  principle  consists  in  causing  the  end  of  the  wire  of 
the  receiving  station  to  move  over  a  paper  soaked  in  a  solution  that  will  be 
decomposed  electrolytically  when  a  current  flows  through  the  wire,  and 
regulating  the  flow  of  current  from  the  sending  station,  so  that  the  decom- 
position and  consequent  colouring  of  the  paper  appear  as  written  or  printed 
letters.  The  word  to  be  telegraphed  is  cotnpounded  of  large  simple  metal 
letters,  as  shown  in  Fig.  364  ;  these  are  connected  with  the  positive  pole  of  a 
battery,  the  negative  pole  of  which  is  joined  to  earth.     A  metal  plate,  which 

Tht  Rtctiver. 


i-i^;.  ./>4.— Gain's  Chemical  Telegraph. 

is  connected  to  earth,  and  upon  which  the  paper  containing  the  salt  solution 
to  be  decomposed  is  laid,  is  arranged  at  the  receiving  station.  The  brush  b 
at  the  sending  station  consists  of  five  metal  springs,  and  is  connected  by 
means  of  the  cable  k  k'  with  a  similar  brush  b'  at  the  receiving  station,  so 
that  the  first  spring  of  b  is  connected  with  the  first  spring  b\  and  so  on.  If 
the  brush  b  is  moved  over  the  metal  letters,  and  the  brush  b'  is  moved  at  the 
same  time  and  with  the  same  velocity  over  the  prepared  piper  on  the  metal 
plate,  a  circuit  is  closed  as  often  as  a  spring  of  the  brush  b  comes  in  contact 
with  the  metal  letters,  and  consequently  through  the  springs  of  the  two 
brushes  a  current  flows,  which  decomposes  the  salt  solution  and  leaves  a 
visible  mark.  The  brushes  b'  form  the  anodes  of  little  voltameters,  the 
electrolyte  being  a  solution  of  potassium  iodine  in  starch.  The  iodine  is 
separated  out  by  the  current,  and  turns  the  starch  blue  or  violet,  in  which 
colour  the  letters  appe.ir.  The  chemical  telegraph  has  been  modified  by  Stohrer, 
Siemens,  Gintl,  and  others.  The  copying  telegraph  by  Bakewell  and  Bonelli] 
as  well  as  the  pantelegraph  by  Caselli  (1856),  may  be  classed  among  these. 

Alter  it  had  been  found  out  that  for  ordinary  telegraphic  work  one 
wire  sufficed,  attempts  were  made  to  utilise  this  one  wire  still  further,  thus 
leading   to  the  invention  of  duplex    telegraphy  aftd  multiple.x  telegraphy. 


CaIH.E    TELECRArilV. 


397 


We  owe  the  invention  of  tiie  ihiplex  >\>tem  auirtlie  lirst  pr.tclical  experi- 
ments concerning  it  to  I*role>>or  F.  A.  l'etri;i.i  aiul  to  the  ilirector  ol  tile 
Austrian  Telegraph  Service,  William  Gintl  (born  1S04,  died  jSS;).  An 
apparatus  constructed  by  Gintl  was  used  in  these  experiments,  because  thf 
Morse  apparatus  offered  difficulties.  In  1854,  Frischen  in  Hanover,  and 
Siemens,  independently  of  each  other,  invented  duplex  methods.  Maron 
described  a  method  based  on  the  principle  of  Wheatstone's  bridge  in  1H63. 
A  number  of  other  proposals  were  made,  to  which  no  attention  was  paid  until 
the  American,  Stearns;  published  a  description  of  his  duplex  apparatus.  By 
a  duplex  method  of  sending  on  telegraphic  lines  is  meant  the  transmission  of 
telegraphic  signs  in  opposite  directions  simultaneously  along  one  and  the 
same  wire.  In  quadruplex  telegraphv  two  messages  can  be  sent  simultan- 
eously in  each  direction  along  the  same  wire.  Multiplex  telegraphy  has  fur  its 
object  the  sending  of  several  messages  in  one  direction  along  the  same  wire 
and  at  the  same  time.  If,  for  instance,  with  a  single  system,  eight  signs  can 
be  given  in  one  second,  by  eight  currents  passing  during  that  time  through 
the  leads;  with  a  multiplex  arrangement,  in  one  second  one  hundred  and 
more  currents  may  be  sent  through  the  leads,  which  proves  that  the  wire  is. 
only  partly  utilised  when  worked  with  the  single  current  system.  Newton 
described  a  method  for  the  better  utilisation  of  the  wires  as  early  as  185 1,  and 
Rouvier,  Hughes,  and  others  followed  Newton's  plan  more  or  less  closely. 
Duplex  systems  for  Morse  writing  and  multiplex  systems  for  the  Hughes 
apparatus  have  been  devised  by  various  inventors. 

Cable  Telegrraphy. — Before  we  close  our  short  sketch  of  the  historical 
development  of  telegraphy,  we  may  make  a  few  remarks  regarding  the 
development  of  cable  telegraphy.  As  early  as  1774,  when  it  was  proposed  to 
employ  frictional  electricity  for  telegraphical  purposes,  Le  Sage,  in  Geneva, 
suggested  the  construction  of  a  conducting  cable  ;  for  this  purpose  glazed 
earthenware  tubes  were  to  be  furnished  with  partitions  of  the  same  material, 
having  holes  through  which  the  wires  were  to  be  taken.  The  telegraph 
apparatus  consisted  of  double  pith  ball  pendulums  for  each  letter.  In  iHoc) 
Sommering  covered  the  wire  with  a  solution  of  caoutchouc,  in  order  to  convey 
it  unhurt  through  water.  In  181 2  Schilling  succeeded  in  exploding  powder- 
mines  by  means  of  insulated  wires  which  led  across  the  Neva.  Shortly  before 
his  death  he  made  preparations  to  connect  Cronstadt  with  Peterhof,  by  means 
of  a  cable  intended  to  be  sunk  in  the  Gulf  of  Finland.  In  1839  Sir  William 
O'Shaughnessey  Brooke,  in  Bengal,  used  a  circuit  21  miles  long,  7,000  feet  ot 
which  consisted  of  a  cable  sunk  in  a  river,  and  to  him  therefore  belongs  the 
credit  of  first  actually  transmitting  telegraphic  signals  under  water;  his  cable 
was  insulated  with  pitch  and  tarred  hemp.     Jacobi,  in  St.  Petersburg,  in 

1842,  used  a  specially  prepared  wire,  which  was  enclosed  in  glass-tubing,  and 
then   embedded   in  fine  sand.     With  the  introduction  of  gutta-percha,  in 

1843,  a  new  era  commenced  for  the  construction  of  cables.     Siemens  used 
gutta-percha  insulation  for  the  first  trial  line.     The  new  insulating  material 
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seemed  to  do  jrood  service,  and  PrusMa,  Austria,  and  Russia  at  once  used  it 
for  their  undergnmnd  leads;  the  insulation  of  the  leads,  however,  went 
from  had  to  wor.-e,  so  that  the  Prussian  Telegraph  Direction  in  i8;2  was 
forced  to  discontinue  using  it.  In  1 840  Wheatstone  proposed  to  connect  France 
with  England  by  means  of  a  cable.  In  1842  Morse  made  successful  experiments 
in  the  haven  of  New  York,  and  also  warmly  advocated  the  cable  connection 
of  America  with  Europe.  In  1845  Ezra  Cornell  succeeded  in  con  cting  Fort 
Lee  with  New  York  (a  distance  of  twelve  English  miles),  bv  means  of  a  cable 
which  was  laid  in  the  Hudson;  this  cable  did  good  service  until  1846,  when  it 
was  destroyed  by  the  ..c.  In  1850,  Dover  and  Cape  Grisnez  were  connected 
py  means  of  a  cable,  which  lost  its  insulation  the  day  after  it  had  been  laid  by 
Its  friction  against  the  rocks.  The  cable  laid  in  18,-7  by  the  Submarine  Tele- 
graph Company,  between  Dover  and  Calais,  was  protected  bv  a  C(  •  er  of  iron 
wire,  and  remained  in  use  until  187:.  The  first  attempts  to  connect  England 
with  Ireland  were  made  in  1852.  After  failing  twice,  a  cable  was  laid  between 
Caghari  and  Bona  in  i8()0. 

The  Atlantic  Cable.— Cyrus  Field  had  meanwhile  established  a  com- 
''  pany  in  America  (in  1854). 

which  had  obtained  the 
right  of  landing  cables  in 
Newfoundland  for  fifty 
years.  Soundings  were 
made  in  1856  between 
r.K.  ir... -The  Fir.t  Atlantic  Cable.  Ireland    and     Newfound- 

H«r,tV,    ^f    .  r  ,,  land,  showing  a  maximum 

{T  1  .-"'r      '"';.    """"S    ^"'-■ceeded,    alter    several     attempts,   in 

la  ing  a  cable  between  Nova  Scotia  and  Newfoundland,  Field  founded  the 
Atlantic  I  elegraph  Company  in  England,  which  decided  to  make  use 
of  a  cable  such  as  that  shown  in  Fig.  ,.,:.  Each  of  the  seven  copper 
wires  .n  the  centre  had  a  diameter  of  003  inch,  and  was  covered  by 
three  layers  of  gutta-percha  ;  these  were  enclosed  in  a  covering  of  tarred 
jute,  and  the  whole  was  covered  by  eighteen  cables,  each  consisting  of 
seven  iron  wires.  1  he  length  of  the  whole  cable  was  2,480  miles,  and  was 
carried  by  the  two  ships  A,i^amem„ou  and  Xiagara.  The  distance  between 
the  two  stations  on  the  coasts  was  .,640  miles.  The  laying  of  the  cable 
commenced  on  the  7th  of  August,  ,857,  nt  Valentia  (Ireland);  on  the  third 
day  the  cable  broke  at  a  depth  of  ,2,000  feet,  and  the  expedition  had  to 
return.  A  second  expedition  was  sent  in  ,858 ;  the  two  ships  met  each  other 
half-way;  the  ends  of  the  cable  were  joined,  and  the  lovLing  of  it  com- 
menced m  both  directions;  ,2  miles  were  thus  lowers,  wh^n  a  fault  in  the 

waVr  ^':,'-"^:^^"-"^';    ^'  ''^'^-  ''^^'■'^f°'-e.  to  be  brought  on  board  again,  and 
wa    broken  during  the  process.    After  it  had  been  repaired,  and  when  2,5 

Zl      K       "■"       i"'^-^'  ''"•  "'°^'^^'"  '^'"'^    "-^   discovered  which  caused 
another  breakage,  th:.  tunc  u  wa.  i„.p..„Wc  to  repair  it,  and  the  expedition 
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was  again  unsuccessful,  and  had  to  return.  In  ,pi,e  of  the  repeated  faihires 
two  sh.ps  were  a^ain  sent  out  in  the  same  >var.  and  this  tunc  one  end  of  the 
cable  was  landed  ,n  Ireland,  and  the  other  at  Newfoundland.  The  Icn-nh  of 
the  sunk  cable  was  2  326  miles.  Field's  first  telcRram  was  sent  on  the  7th  of 
August,  fiom  Amenca  to  Ireland.  The  insulafon  of  ihc  cable,  however 
became  more  defective  every  day,  and  failed  alto,atl,cr  on  ,he  1st  of 
i^eplember.  From  the  experience  obtained,  it  was  con- 
cluded that  it  was  possible  to  lav  a  trans-Atlantic 
cable,  and  the  company,  after  consulting  a  number  of 
professional  men,  again  set  to  work.  Of  the  samples 
sent  m  by  the  different  makers,  that  of  the  firm  of 
Glass,  Elliott  and  Company  was  considered  likely  to 
answer  the  purpose  best,  and  an  order  was  given  for 
2.050  miles.  Fig.  366  shows  the  difierent  parts  of  the 
cable,  VIZ.  a  copper  strand  of  seven  wires,  a  gutta- 
percha envelope  consisting  of  four  layers,  a  cover  of 
tarred  hemp,  and  an  outer  coating  of  iron  wires  covered 
with  hemp.  The  Great  Eastern  was  emploved  in  laviut; 
this  cable.  This  ship,  which  was  oq;  feet  "long  8/f,  et 
broad,  and  52-5  feet  in  depth,  carried  a  crew'  of  ;"oo 
men,  of  whom  120  were  electricians  and  engineers   "lyg 

mechanics  and  stokers,  and  115   sailors.     The  manage- 
ment  of  all    affairs    relating  to   the  laying  of  the  cable 

was  entrusted  to  Canning.     The  coast  cable  was  laid  on 

the  2 1  St  of  July,  and  the  end  of  it  was  connected  with 

the  Atlantic  cable   on    the   23rd.      After   82^    miles  of 

cable   had   been   laid,   a   fault  was   discovered,   an    iron 

wire  was  found  stuck  right  across  the  cable,  and  Canning 

considered   the    mischief    to    have    been    done   with   a 

tnaleyoient  purpose.     On  the  2nd  of  August,  ,.,64  miles 

of  cable  were  sunk,  when  another  fault  was  discovered 

While    the    cable    was    being    repaired    it    broke,   and 

attempts  to  recover  it  at  the  time  were  all  unsuccessful  • 

in  consequence  of  this  the  Great  Eastern  had  to  return 

without  having  completed  the  task. 

A    new    company,    the   Anglo-American    Telegraph 

Company    was  formed  in   .866,  and  at   once   entrusted 

Messrs.  Glass.  Elliott   and  Company  with  the  construc- 
tion of  a  new  cable  of  1 ,860  miles.    Different  arrangements 

were  made  for  the  outer  envelope  of  the  cable,  and  the  Great  Eastern  vas  once 

more  equipped  to  give  effect  to  the  experiments  which  had  just  b  e  ,  nu^e 

end  oTThr'nld  "  "^!,"°^.°"'y  ^°  '»y  -  --  -ble,  but  also  to  take  up  the 
end  of  the  old  one,  and  join  it  to  a  new  piece,  and  thus  obtain  a  .ec-nd 
•-e^cgraph  line.    The  sinking  again  commenced  in  Ireland  on  the  J3th  of  July, 
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1806,  and  it  was  finished  on  the  27th.     On  tlie  4th  of  August.  1^66,  the 
Trans-Atlantic  Telegraph  Line  was  declared  open. 

Since  then  other  Atlantic  cables  have  been  laid,  and  the  great  01  ean  \t 
now  (iqoq)  spanned  by  no  fewer  than  si.xteen  such  links  of  communication 
the  last  of  which  was  successfully  deposited  in  1905.  Steamers  specially  con- 
structed are  now  employed,  far  less  expensive  than  the  Great  Enstent,  and 
the  laying  of  the  last  cable  occupied  no  more  than  twelve  days,  without  the 
slightest  hitch  or  interruption  from  beginning  to  end.  The  later  cables  do 
not  diflFcr  in  general  construction  from  those  already  described  ;  but  improve- 
ments in  details  have  produced  greater  strength,  and  better  insulation  and 
conductivity.  There  is  now  no  practical  limit  to  the  length  of  cable  which 
could  be  laid  if  rec aired,  beyond  the  contingencies  of  severe  weather,  while 
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FiR.  3''i7.  -  Simple  Telegraphic  Circuit.  1^ 

the  art  of  picking  up  and  repairing  cables  which  have  broken  down  in  work- 
ing has  been  developed  to  a  high  state  of  perfection. 

11. — SIMPLE   TELEGRAPHIC   WORKING. 

The  fundamental  principle  underlying  electric  telegraphy  is  very  simple, 
being  none  other  than  the  law  that  in  a  simple  closed  circuit  the  current  is 
the  same  in  every  part  of  the  circuit.  With  a  simple  switch  or  key  it  is 
therefore  possible,  by  breaking  the  circuit  at  any  point,  to  ii.icrrupt  the 
current,  and  bv  closing  the  circuit  again  to  cause  the  current  to  flow  once  more. 
The  effects  of  the  current,  whether  magnetic,  chemical,  or  thermal,  produced 
in  any  part  of  the  circuit  can  therefore  be  interrupted  and  renewed  at  pleasure 
from  any  other  part,  and  since  these  two  parts  may  be  hundreds  of  miles  or 
more  asunder,  the  possibility  of  two  persons  communicating  through  a  pre- 
arranged code  of  signals  is  established. 

The  simplest  form  of  telegraphic  circuit  is  therefore  that  shown  in  Fig.  367. 
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Two  stations  1  an.i  2  at  a  distance  from  o„e  a:.otl,er  are  connected  by 
a  conducfng  wrc  ..,  i,.  At  1  there  is  a  key  K  which  rests  ordinarily  in 
the  pos.tton  shown  in  the  figure,  whilst  at  2  there  is  some  kind  of  receiving 
mstrument  R  (e.g.  a  galvanometer),  which  is  al,le  to  indicate  when  a  current 
traverses  the  c.rcu.t  and  when  .,..t.  When  the  key  k  is  depressed  it  rests 
on  the  contact  «,  which  is  joined  to  a  terminal  of  ihe  battery  A,  the  other 
termmal  of  the  battery  being  connected  to  an  earth  plate  k.  ;  one  terminal  of 
K  IS  connected  to  another  earth  plate  f,.  Consequently  when  k  is  depressed 
a  current  flows  from  b  through  the  line  ...  .,  and  the  receiving  instrument  R, 
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Fig  363.-Coiiii«iloin  for  Slpiallini  In  both  directiow 


returning  to  the  battery  through  k.,  the  earth  and  h..  The  receiver  r  shows 
that  the  current  is  passing,  and  thus  a  signal  is  received. 

The  arrangement  in  Fig.  367  only  allows  station  1  to  signal  to  station  2 
the  latter  having  no  means  of  replying.  This  difT.culty  is  met  in  a  simple 
rnanner  by  the  arrangement  depicted  diagrammatically  in  Fig.  368  where 
the  .  ,  k  contacts  of  the  keys  k.  and  k,  are  shown  connected  to  the  respective 
earth  .  .ates  f,  and  e„  whilst  the  front  contacts  are  connected  to  the  working 
batteries  h,  and  h,.  There  are  receiving  instruments  at  each  station,  and  the 
method  of  working  is  obvious. 

Relays.-As  the  distance  between  the  two  stations  increases,  so  does  the 
length,  and  therefore  ihc  resistance,  of  the  line  connecting  them,  unless  the 
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tross-sectional  area  of  the  wire  be  proportionally  increased,  w'n'.fh  is  not 
possible  in  practice.  To  obtain  the  same  current  through  the  increased  re- 
sistance requires  an  increase  of  e.  m.  k.  in  the  circuit,  which  if  carried  far 
Decomes  objectionable  not  only  because  of  increased  cost  if  batteries  are  used, 
but  also  because  of  increased  difficulties  of  insulation  and  for  other  reasons.  The 
difficulty  can  be  partly  overcome  by  utilising  Henry's  discovery  and  winding 
the  receiving  instruments  with  finer  wire  so  as  to  obtain  the  same  ampSre- 
tj'iis  with  a  smaller  current.  There  is,  however,  obviously  a  limit  to  the 
sppliuition  of  this  device,  as  in  itself  it  tends  to  increase  the  resistance  ot 
the  circuit  still  further. 

Practically  an  indefinite  increase  of  distance  can  be  obtained  wherever 
the  line  can  be  split  into  separate  sections  by  using  the  principle  of  the  relay 
invented  {see  page  302)  for  a  different  purpose,  in  1837,  by  Wheatstone  and 
Cooke.    The  relay  may  be  briefly  described  as  a  delicate  form  of  electro-magnet 

having foritsohject 
simply  the  closing 
of  a  contact  so  as 
to  bring  a  new,  or 
local,  battery  into 
play. 

The  connec- 
tions for  working 
with  relays,  01 
"  local  battery 
working  "  as  it  is 
generally    called, 

are  shown  diagrammatically  in  Fig.  369.  M  and  m  indicate  the  Morse 
signalling  keys,  00  sending  contacts,  p  p  receiving  contacts,  r  r  the  magnets 
of  the  relays,  N  /;  contact  levers  of  the  relays,  k,  r,  the  electro-magnets  of 
the  receiving  apparatus,  c  z  and  c  2  sending  batteries,  r,  z,  and  c,  z,  local 
batteries  of  both  stations;  s  and  s  are  two  'springs  which  pull  off  the 
armatures  of  the  relays  k  r  and  open  the  contacts  \  «  as  soon  as  current 
ceases  in  the  line  circuit.  When  no  signalling  is  going  on,  the  stations  are 
connected  by  means  of  the  line  i.  and  earth  e  e.  When  one  station  wishes  to 
send  a  telegram  to  another,  the  following  circuit  cai:  be  closed  by  pressing 
down  the  key  m  upon  o,  so  as  to  close  the  contact  at  o,  and  at  the  same  time 
to  open  the  contact  at  P.  From  the  pole  c  ot  the  sending  battery,  the  current 
flows  over  o  M  through  the  line  into  the  second  station,  thence  it  proceeds 
over  m  p  into  the  electro-magnet  r  of  the  relay,  and  so  to  earth.  The  other 
battery- pi>Ie  z  of  the  sending  station  is  also  connected  with  earth.  The  electro- 
magnet r  attracts  its  armature,  contact  is  made  at  «,  and  the  local  circuit 
of  the  receiving  station  closed.  A  current  entirely  distinct  from  that  received 
from  the  di^^tallt  station  now  flows  from  one  pole  c.  of  the  local  hatterv 
into  the  electro-magnet  r,  of  the  receiving  instrument  through  the  line  /^ 
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oer«   hence  back  to  the  second  p.,Ic  c.  of  the  l.,cal  batiery.    The  mnRnct  o, 

K«  "d  Uu„"u""Tr'"'  ^f '^"     ' ''^'  '"'•'"^•^  ^'^^  "--  '-^"-^'y  used' n 
are  rnaj,met.sed  ether  by  means  of  pernia.,ent   nu.Rnets  near  then,    or  bv 

non-polansed    American    relays    is   shown    in    Fig.  ,70.     The    brass  nlate 
a  a  ,s  fastened    upon    the    block   .a.  and  carrics'the  cicctr..-mag      s 'e 

Irt  Xr-r;:  ^"^'  '''  ^^""^^"^  ^^■'''^  -^'^  --  ^y  --  o^  th" 

bearings    for    the 

lever    f,    with    its 

armature     k,    are 

aitaclied     to    the 

pillar    b.      The 

motion     of     this 

lever    is     limited 

by     the     contact 

screws      e     /', 

fistened    to    the 

support  d,  which 

i-    insulated    and 

lixed    upon    a    a. 

regulated   by  means  of  the  guiding  piece  ,^,    moving  upon  g   .    drags   k 

off  the  magnet  cores  when  the  current  in  the  coils  ceases.  Th^  suAort 
<f^  is  connected  with  the  binding  screw  // ,-  and  screw  e,  which  has  a 
niatmum  contact  pin  at  the  upper  end  towards  the  lever  ..  is  connected 
wuh  the  second  bmdmg  screw  ,:  The  screw  ,■  is  tipped  with  ivory,  and 
therefore  does  not  close  any  circuit  when  c  rests  against  it 

The  local  circuit,  which  contains  tl,e  local  battery  and  the  receiving 
apparatus,  ,s  connected  to  ,'  and  /,.  When  even  a  very  weak  line  curre.U 
passes  through  t!-^  cods  of  the  electro-magnet  e  e.,  which  are  wound  with 
many  turns  o  fine  wire,  it  will  cause  it  to  attract  k,  and  contact  will  be  made 
between  .  and  ..  The  current  fron,  the  local  battery  reaches  the  support  I 
through  /,,  flows  ,nto  the  lever  c,  and  screw  .  c,  from  there  through  ^and  f 
and  so  tnto  the  rece.vmg  instrur  ent.  As  every  line  current  whth  reached 
the  relay  acts  m  the  way  described  above,  it  is  evident  that  the  relay  sends  a 
powerful  loca  current  instead  of  the  weak  line  current  into  the  receiving 
apparatus,  and  thus  produ.es  a  distinct  signal,  whether  the  sendin-  >;ta'ion  be 
al  d  sliurt  01  iiing  distance.  " 

&««,;«'  /'o/anseJ  AV/,,v.-An  excellent  form  of  poLi.ised  relay  whirl, 


'■If-'-  3ra— Amtrican  Non  poLirised  Relay. 

The    spiral    spring   s,    the    tension   of   which   can   be 
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has  been  in  u^c  for  many  years,  and  is  still  largely  used,  is  shown  in  Fij».  .^71. 
Down  the  side  of  the  instrument,  and  bent  underneath  it,  passes  the  hard 
steel  permanent  magnet  s  n,  the  upper  or  s  end  ot  which  is  cut  away  so  that 
a  soft  iron  lever  can  he  pivoted  in  the  slit  at  u.  Upmi  the  horizontal  arm  of 
the  permanent  magnet,  which  is  bent  at  right  angles,  the  limhsof  the  electro- 
magnet K  K  are  placed,  and  connected  by  means  of  the  yoke  m.  The  cores, 
which  pass  through  the  plate  a,  have  movable  pole  pieces  b  h,  which  are  kept 
in  any  desired  position  by  the  screws  c  c.  The  armature  is  the  soft-iron  lever 
*,  pivoted  at  a  between  the  south  poles  S  s  of  tlie  permanent  magnet.     The 

I)lay  of  the  lever  is  hori/or.Lal 
trom  hide  to  side,  and  is  limited 
by  the  contact  screws  r  t,  one 
of  which,  /,  ends  in  an  agate 
point,  and  the  other,  r,  is  insu- 
lated by  means  of  the  vulcanite 
pieces  k  k.  Both  contacts  can 
be  moved  simultaneously  by 
means  of  the  screw  „  The 
electro-magnet  E  E  being  upon 
the  north  pole  N  of  the  per- 
manent magnet,  the  poles  b  b 
have  north  magnetism,  whilst  z 
has  south  magnetism.  The  one 
or  the  other  pole  may  be  made 
to  prevail  by  adjusting  the 
lever.  The  action  is  therefore 
as  follows  :  The  Hues  of  force  from  the  pole  N  of  the  permanent  magnet  n  s  pass 
up  through  the  bar  m  and  the  cores  in  contact  with  it,  and  therefore  cause 
north  polarity  in  the  ends  of  the  cores  remote  from  it.  The  lines  pass  from 
the  cores  into  the  lever  z  and  along  it  to  the  poles  s  s  of  the  permanent 
magnet,  inducing  north  polarity  in  the  end  a  of  the  lever  a  ?,  and  south 
polarity  in  the  end  which  moves  between  the  poles  h  b.  The  continuation 
of  this  lever  beyond  «  is  a  non-magnetic  metal,  which  is  not  aflfected  by  the 
lines  of  force.  When  the  lever  <7  s  is  equally  attracted  by  both  poles  at  b  and 
A.  it  remains  equidistant  from  them,  but  when  one  pole  is  screwed  a  little 
nearer  than  the  other  it  draws  the  lever  to  it.  When  the  relay  is  at  rest 
latter  is  its  position,  the  lever  then  touching  the  agate  point.  When 
the  >wirking  current  from  the  line  enters  the  coils  of  the  electro-magnets 
K  K  the  poles  are  changed,  that  at  the  end  b  of  11  being  strengthened 
as  a  north  pole,  and  that  at  the  end  b  of  I  being  cither  weakened  or 
reversed  to  a  south  pole.  Hence  the  lever  is  drawn  from  the  agate 
point  to  the  opposite  metal  point  r,  and  remains  on  the  contact  r  as 
long  as  the  line  current  flows,  hnt  falls  aw.iy  when  'his  current  ceases. 
The  contact  closes  the  local  circuit  which  works  the  receiving  instrument. 
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The  resistance  wouiul  on  the  elcctro-maRnct  k  k  .lepcn.ls  on  the  working 
cond.tio.is,  that  i>,  ..n  the  rc.istanec  of  tiic  line  upon  which  the  relay 
IS  to  be  placed.      ■  ' 

SIgrnalS.-An  important  (pioti.M.  to  be  cot.siacrol  in  devising  ;,  system 
of  tekxraphy  IS  the  nature  of  the  signal  to  be  sent.  Two  Keneral  courses  are 
available.  We  n.ay  make  use  of  the  ordinary  alphabetical  characters,  and 
ananpe  these  in  convenient  positions  on  the  receiving  instrument,  which 
must  be  constructed  so  as  to  i.idicate  the  particular  letter  to  which  attention 
IS  to  be  drawn.  So.nmermg's  electrolytic  telegraph  and  Whcatstone's  five- 
needle  and  "step-by-step"  instruments  already  described  are  examples  of  this 
method,  winch  as  hitlierto  applied  is  not  conducive  to  rapid  signalling. 

On  the  other  hand,  we  may  entirely  discard  the  ordinary  symbols  for  the 
letters  ot  the  alphabet,  and  construct  a  new  set  of  svmbt)ls  specially  adapted 
for    telegraphic    purposes.      It    is   found    that    two    distinct    signals    when 
properly  combined  can  be  made  to  represent   the  twenty-six  letters  of  the 
Knglish  alphabet,  no  particular  combination  consisting  of  more  tlian  four 
signals.     The  requirement  of  two  distinctive  signals  can  be  met  by  the  right 
and  left  movements  of  an  ordinary  galvanometer  needle,  which  can  be  con- " 
verted  mto  audible  signals  by  causing  the  needle  to  strike  difTerently  toned 
bells  or  resonators  on  either  side.     They  can  also  be  met  by  instruments 
which  can  only  make  a  mark  in  a  definite  position  on  a  travelling  ribbon  or 
band,  the  necessary  distinction  being  obtained  by  making  the  marks  either 
long  or  short,  or,  as  they  are  usually  called,  either  "dashes"  or  "dots" 
I  he  important  point  is  that  the  method  can  be  applied  whenever  two  dis- 
tinctive  and  easily  recognised  signals  can  be  produced.     Hence  its  wide  ex- 
tension to  non-electrical  telegraphy,  such  as  flag-signalling,  heliography,  etc 
1  he  combination  of  the  two  signals  now  usually  adopted  is  that  first  put 
forward  by  Morse,  and  known  as  the  "  Morse  Alphabet."     In  constructing 
this  alphabet  Morse   first  analysed  the  frequency  with  which  the  various 
letters  recur  in  ordinary  English  prose  composition.     He  then  allotted  the 
shortest  signals  and  combinations  in  proper  order  to  the  letters  occurring  most 
frequently.     The  result  is  an  alphabet  the  use  of  which,  it  is  obvious,  must 
tend  towards  the  greatest  possible  speed  in  the  transmission  of  the  messages 

Using  a  dot  and  a  dash  to  indicate  the  two  distinctive  signals,  the  Morse 
.ilpliabet  will  appear  thus  : — 


1  .-  .. 

V 

^ 

m   —   — 

vv 

•  —   — 

"    -   . 

X 

—   .  .  - 

I)    —   —   — 

y 

—   .  — 

P     . . 

z 

-   —   . 

'1    —   —   .  — 

I 

.  —  — 

r     .  —    . 

2 

.  .  -   - 

s     .  .  . 

3 

.  .  .  - 

t     — 

4 

•  •  •  •  ~ 

u     .  .  - 

5 

6 

7 
8 

9 
o 
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Tlie  letters  llnis  Inrmt-il  dI  dots  .itui  iI.i.sIks  arc  sc|i.irated  bv  varinHc 
tpaces  as  they  are  calleil.  Tlicrc  are  tlirec  kinds  of  spacer;  tlie  space 
separating  the  clem  iits  of  a  letter,  that  separating  the  letters  of  a  word,  and 
that  separating  the  words  themselves.  These  durations  of  break  or  silence 
areas  necessary  as  the  durations  of  contact  or  sound.  When  we  look  upon 
the  Morse  alphabet  as  applicable  to  the  various  instruments  described, 
including  the  sounder,  we  may  deline  it  as  a  method  by  which  time  is  divided 
into  multiples  of  an  arbitr.irv  standard  or  unit,  viz.  the  dot. 

1.  A  dash  is  equal   to  three  dots. 

2.  The  space  between  the  elements  Jif  a  letter  is  equal  to  one  dot. 

3.  'I'he  space  between  the  letters  of   a  word  is  equal  to  three  dots. 

4.  The  si)ace  between  two  woids  is  equal  to  six  dots. 

The  following  arrangement  of  the  signs  will  assist  the  memory  to 
retain  them.  The  (oundations  of  the  alphabet  are  the  dot  (.)  representing 
the  letter  e,  and  the  dash  (— )  representing  the  letter  t.  This  gives  us 
the  group  e  and  t  of  the  first  order.  Placing  a  dot  before  each  of 
these  elementary  characters,  we  have 


Placing  a  dash  before  each  elementary  signal  we  have 
—  •  "  in 

These  give  us  the  group  of  the  second  order,  i,  a  ;  and  n,  m 

Now   affixing   to   each   of  the   above  four   signals  first  a  dot  and  then 
a  dash,  we  ha%-e 

•  •  •  '  _  .  •  d 

•  •  -  1  _  .  _  k 

•  -•  '  g 


These  constitute  the  group  of  the  third  order,  s,  u,  r,  w  ;   and  d,  k,  g, 
Pursuing  the  same  plan  with  these  eight  characters,  we  have' 


h 

V 

f 

u  (German) 

1 

a  (German) 

P 


b 

c 

y 

z 

<1 

o  (German) 
ch 


Thp•^e   cnnMitute   the    group   of  the    fourth    uider,   h,    v,   f,  ii,  1,  4,  p,  ji 
and  b,  x,  c,  y,  z,  q,  6,  ch. 
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There  is  also  the  French  accented  e  (•  .  —  .  .),  but  with  this  exception 
no  '?ttcr  exceeds  four  signals. 

Combinations  uf  five  signals  are  employed  to  indicate  the  ordinary 
numbers,  according  to  the  following  code  : — 


6    _  .  .  . 
7 . 


The  ordinary  marks  of  punctuation  are  represented   by  combinationi 
of  six   signals,  thus  : — 


(,) 

(;) 

(«) ... 

(.)     


(?) 

(I) 

(-) 

(•) 


(»   -) 

Thus  a   combination   of  four  signals  or  less   indicates   a   letter  of  the 

alphabet   (except   in   the    case   of  e,   which  has    five),   a    combination    of 

five   signuls  indicates  a   number,  and  lastly,  a  combination   of  six   si(]nals 
indicates  .-ome  sign  of  punctuation. 

in.— INSTRUMENTS. 

We  propobe  to  give  here  a  brief  description  of  some  of  the  in'-tru- 
ineiits  most  widely  used  in  the  early  days  of  ttlcgra,)hy,  which  well 
illustrate  the  principles  employed,  leaving  the  more  modern  instruments 
which  represent  the  more  recent  applications  of  these  principles  to  the 
later  section. 

Transmitters. — These  may  be  divided  into  hand  and  automatic  trans- 
mitters ;  the  latter  belong  to  the  more  recent  section  of  the  subject  and 
will  noc  be  dealt  wiih  here,  though  we  may  again  pomt  out  that  Morse  used 
{see  page  394)  an  automatic  transmitter  in  one  of  his  earliest  attempts. 

The  hand  transmitters  again  sub-divide  according  to  the  charactei 
of  the  currents  that  have  to  be  transmitted  in  order  to  work  tlu 
receiving  instruments.  In  signalling  with  the  Morse  code  we  may  eithej 
have  to  use  direct  currents,  that  is,  currents  always  in  the  same  direction 
but  of  different  durations,  or  we  may  require  reverse  currents,  that  is, 
currents  alternately  in  opposite  directions,  to  produce,  for  instance,  the 
right  and  left  motions  of  a  galvanometer  or  galvanoscope  needle.  Lastly, 
for  dial  and  step-by-step  instruments  we  require  a  transmitter,  often  of 
a  complicated  character,  specially  adapted  to  the  particular  receiving 
instrument  employed. 

The  sin;plest  of  all  transmitters  is  that  used  for  direct  currents  with 
the   Morse   code,  and   kn(v.vri  as  the  "  Morse   Key."      An   early  form  is 


tl  ,}j 


fM.U 
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Elrcirkitv  is  THh  ShMricK  Of  Mam. 

'hown  ill  Fig.  37J.  Tlircc  brass  h.irs  n  m  and  v  nrc  fastened  upon  a 
bast-mcni  blotk  of  wixkI  a  ;  m  lias  ilic  two  br.is.,  tliccks  D  n'  arranj;ed 
upon  it,  as  chairs  or  bearings  lor  the  support  ot  the  axle  ii.  The  lever 
b  b'  moves  about  this   axle,  being  iiKved  in  the  one  direaioii  by  hand 

of  the  operator  pressing  on   the   knob  (i,  and  when  released  retiiMiiiiK  in 

LdMscciunite  ot  the  tension  of  a 
spring  //  steel  or  platinum  e<.n- 
tacts  <  a  arc  screwed  into  the 
bars  N  and  v,  and  the  correspond- 
ing contuct-piiis  pa«s  through  the 
lever  h  h'.  One  end  of  the  spiral 
spring  /  is  attached  to  the  lever 
at  b,  and  the  second  end  is 
fastened  to  '.he  bar  m.  This  spring: 
serves  to  hold  the  lever  down 
upon  the  contact  , ,  which  is  regu 
,.         .  l-'teJ    by    the    screws   s    s.      The 

hne-w.re  is  connected  with  the  middle  plate  M,  the  receiving  apparatus 
with  N,  and  the  sending  apparatus,  including  the  home  battery,  with  v 
Hence  the  key  is  alwavs  set  ready  to  receive  a  message,  but  must  be 
pressed  down  to  se-id  one.  Such  a  key  is  represented  diagrammatically 
at  K,  K.  and  k.  of  Pigs.  367  and  ,;oS,  and  at   m  ..nd  ///  of  Fig    ,69 

I  he  electrical  model  of  all  rctrrsiu^r  keys  or  commutator's,  as  thev 
are  s<.metmies  called,  is  illustrated  under  the  name 
of  the  t,i/>pct  in  Fig.  373.  It  consists  of  two  bars 
of  brass  or  copper  z  and  c  connected  with  the 
battery  and  two  metal  springs  I.  and  k.  one  of 
which  L  is  connected  with  the  line,  and  the 
other  E  is  put  to  "earth."  The  springs  both  pass 
under  z  and  over  c,  and  when  not  pressed  on 
they  both  touch  the  bar  z,  but  do  not  touch  [_ 
the  bar   c.      One   spring   must    be    pressed   down 

to  make  the  circuit.     When   the  Hnger  is  pressed       Li"  )  c   :'  p  V  U 
upon  the    knob  n  of  the  spring  l    it  connects  l  n.  ,,,  -th.  t.o 

and   c,   and    sends   the   current    from    the  copper 

or  positive  pole  of  the  battery  to  l,  and  from  "earth"  back  to  z  ^he 
^iiK  or  negative  pole.  If  the  knob  .•  on  e  is  pressed  down  the  current 
goes  from  copper  to  e,  and  from  line  back  to  z.  To  depress  n  causes 
he  needle  of  an  ordinary  single-needle  receiving  instrument  to  swing 
to  the  left.     To  depress  p  causes  the   needle  to  swing  -o  the  right 

Another,    electrically    similar,    form    of    commutator    often     used     on 
smole-needle    instruments,    especially    in    railway   si^nallinp.    is    ti.e   dr- 
nandle    commutator     seen     below     the     needle    in"  Fig  "^-u         l„  "  this 
commuutor   a   motion    of    the    handle    to   the    left    puts "  the    cop     r   of 


Ur 


\ 
.■,i- 
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the  Kittcrv  to  line  ami  the  zinc  to  "caith,"  «h,Ut  .,  „„,(i,„  ,„  ih.  rJKht 
-tivcrsc-s  thc>.-  .onncctu.ns.  Thi>  is  .icuMnphsIu-.l  hv  >|.l.ttiMK  ihc  cvIi.hIct 
.navcd  by  the  haiullc  int.,  two  [...rts,  cicctri./v  inM<l.,t.-.l  Imm  o„e 
..pother  o„e  of  which  is  pernuiuntlv  cn,„uclc.l  to  the  positive  pole 
.•  ..-  '.attcry  and  the  oihcr  to  the  negative.  Hv  niovniK  the  han.lle 
..'.t  •  pim  or  projections  on  iho  cyiiiuler  are  l.rought  into  contact 
with  iML.cr  hue  or   "eartli,"  as  >pecitieil  ah..ve. 

Tlie  last  species  of  transiuiiters  in  our  classilicatmn.  nauielv  th..>e 
which  arc  speciahy  constructed  to  serve  comphcated  forms  of  receiving 
instruments,  will  be  best  described  in  connection  with  the  receiving 
instruments  for  which  they  are  adapted. 

Receiving:  Instruments. -Several  dasslti.ifions  of  .he,e  are  possible: 
they  may  sue  either  vmhlr  or  auMle  signals,  and  the  visible  signal, 
may  be  either  permanent  or 
transient,  accortling  as  they 
are  produced  by  recording 
or  non-recording  instru- 
ments. 

T/if   Sniindir   or   Bel!.— 
Undoubtedly    the    simplest 
form  of  receiving  instrument 
is  the  simple  sounder,  which 
is    only    an     electro-magnet 
with   a    movable    armature. 
The     form     used     by     the 
British   Post   Office,  atid 
known  as  the  P.  O  Sounder, 
is    shown    in    Fi«.   374,    in 
which  \i  is  an  ordinary  two- 
limb  electro-magnet,  with  its 
cores  standing  on  an  iron  yoke-piece  in  the  base   of  the  instrument,  and 
having   Its   poles    bridged    by   the   iron    armature  a.      This    armature    is 
carried     by    the    heavy    brass    piece   B,    which    is    in    the   form    of  a    bent 
lever   pivoted   on   the  ends   of  the   screws   p.      The   vertical  arm   of    the 
lever   is   connected   by  a  spiral  spring,  which  passes  between  the  magnet 
limbs,  to  the  set  screw  s.      There  are  two  screws,  s,  and  s.,  limiting  the 
play  01   the  lever  ;  s.  is  carried  by  the  lever  itself,  and  is  so  set  that  when 
the  armatur-  is  drawn  down  it  is  just  held  from  actually  touching  the  iron 
of  the  core   by  the  screw  s.  striking  against    the    hriilge  b.      The   other 
scr^w,  s„  IS  carried  by  the  rectangular  ti.xed  brass  piece  c  attached  to  the 
bridge  /',  and  is  so  set   that   when   the  current  ceases  to  flow,  the  spring 
controlled  by  5  pji!s  the   armature  and  lever  back  through  a  suthciently 
small   distance   to   cause   an    audible    sound   as   n   strikes   the   end    ot   s. 
Similarly,  an  audible  sound  is  produced  when  the  end  of  s,  strikes  against  I 
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The  time  elapsing  between  the  two  sounds  is  short  or  long,  the  short 
corresponding  to  a  swing  to  the  left  in  the  needle  instrument,  or  to  a  dot  in 
Morse's  system,  and  a  long  interval  to  the  swing  to  the  right,  or  to  the  dash. 
The  sounder  has  been  introduced  into  America,  and  has  there  supplanted 
all  other  forms  of  apparatus.  It  is  also  almost  universally  employed  in 
India.  The  key  or  transmitter  required  to  work  it  is  the  simple  Morse 
key  already  described. 

The  earliest  form  of  acoustic  instrument  used  in  England  was 
probably  Bright's  bell.  In  this  instrument  two  bells  of  different  tone 
are  used,  the  hammer  of  one  being  actuated  by  currents  in  one  direction, 
and  that  of  the  other  by  currents  in  the  other  direction.    The  sound 

of  one  bell  corresponds  to  a  dot,  and 
that  of  the  other  bell  to  a  dash.  One 
of  these  bells  is  shown  in  Fig.  375, 
where  the  electro  -  magnet  e,  when 
energised  by  the  current,  attracts  the 
armature  A  and  causes  the  hammer  B 
attached  to  it  to  strike  the  metal  plate 
M,  giving  an  audible  sound,  a  and  b 
move  round  the  pivoted  axle  x,  and 
A  is  ordinarily  held  off  the  magnet 
poles  by  the  opposing  spring  s,  which 
can  be  "set-up"  by  the  screw  to  give 
any  desired  pull.  The  sending  appa- 
ratus is  the  same  as  the  tapper  of  the 
single  needle,  and  relays  and  local 
currents  are  often  needed.  The  in- 
strument is,  probably,  the  quickest  non- 
recording  instrument  extant,  but  it  is 
..^     ,    .      .  complicated    in    its    construction    and 

dillicult  in  Its  adjustment  compared  with  the  sounders.      Other  bells  will 
be  described  under  the  head  of  special  signalling  apparatus. 
•    '1'"^^'' -"'"^^^   i»s^n,me»t.-Next   in   simplicity  to   the   sounder   is  the 
single-needle  instrument,  which  is  nothing  more  than  a  vertical  galvano- 
scope   with    a   gravity  control.      An   exterior    view    of    an  early  form   is 
gisen   111    Fig.  3-6.      The   needle   seen    on   the  front   of  the  instrument 
IS  only   an    indicator   fi.xed  on  the  axis  which  carries  the  magnetic  needle 
...nuenced   by  the   current    as  in  Fig.    3.0  (srr  pa,e  ,46).      A  movement 
of  the    top   end   o(    this    pointer    to   the    left    is    equivalent    to    a    dot 
m    the    Morse    code,    whilst    a    movement    to    the    right    stands    for    a 
cJash.      In    many   forms  two   ivory   stops   are    fixed,  one  on    either   side 
to  hmit   the   motion   of    the   needle  ;    and   an   expert   clerk,  used    to   his 
instrument     can    often    recognise    the    difference    in    the    sound    as    the 
top  end  of   the  pointer  strikes  one  or  other  stop,  and    thus  can  read 


Fig  375. -Til.  "Bell"  form  of  Sounder. 
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the  message  by  ear  instead  of  by  eye.  In  a  still  later  form  the  ivory 
stops  have  been  replaced  by  little  resonant  metal  cylinders,  which  give 
louder  acoustic  signals  more  easily 
distinguishable  from  one  another. 
Morse  Receivers. — The  widely- 
used  Morse  rectivers,  whether  in 
the  form  of  rmhossers  or  ink- 
wriUrs,  are  simply  sounders  with 
recording  arrangements  attached. 
The  earliest  form  was  the  em 
bosser  shown  in  Fig.  377,  The 
electro-magnet  e  e  consists  of  two 
cylindrical  cores  of  very  soft 
wrought  iron,  which  are  con- 
nected at  their  lower  ends  by 
an  iron  yoke,  so  that  they  form  a 
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two-limb  magnet.  Both 
arms  have  a  great  number 
of  turns  of  insulated 
copper  wire  wound  round 
them,  connected  as  ex- 
plained at  page  331.  The 
armature  a  of  the  electro- 
magnet, and  the  style  f, 
are  fastened  to  the  lever  A, 
which  can  move  about 
a  horizontal  axis.  The 
lever  is  tuinitctcd  with  a 
spiral  spring,  attached  to 
a  strew  b,  which  when 
turned  in  the  right  direc- 


tion increases  or  diminishes  the  tension  of  the  spring,  and  therefore  offers  a 
greater  or  less  resistance  to  the  attraction  of  the  armature  by  the  magnet. 


id 
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The  play  of  the  lever  is  limited  hy  the  adjustable  contact-screws  r  and  /.  The 
printing  arrangement  by  which  the  signals  are  impressed  on  the  strip  o\ 
paper  drawn  off  the  wheel  may  be  better  understood  from  Fig.  x->%.  In  both 
figures  the  various  parts  are  indicated  by  the  same  letters.  The  end  of  the 
lever  /;  is  slit,  and  the  style  s  is  placed  'in  the  slit.  This  style  is  adjusted 
by  means  of  the  knob  s„  and  ends  in  a  blunt  but  glass-hard  point,  which 
sei  ves  the  purpose  of  marking  the  paper.  When  the  pencil  is  arranged  in 
the  right  position,  it  is  maintained  in  it  by  tightening  the  screw  n;  <i  is  the 
printing  roller,  which  turns  round  the  axle  a„  and  lias  a  groove  at  n  in  order 
to  facilitate  the  marking  by  the  style.  The  paper  is  held  between  the  rollers 
rfand  w,  the  latter  of  which  is  rotated  by  clockwork  contained  in  the  metal 
box,  the  speed  of  which  can  be  regulated.     The  roller  d  is  pressed  firmly  but 

elastically  on  w,  the  pressure  being 
regulated  by  means  of  the  spring  q  q, 
one  end  of  which  is  fastened  to  the 
axle  p  of  the  brass  piece  b,  so  that 
the  spring  presses  against  the  metal 
piece   .*/   the    second    end    of    the 
spring  presses  against    the  screw  *, 
and  tb  .-.  the  pressure  can  be  regu- 
late" ^  rning  the  screw;  r  r  are 
j,  which  can  slide  along  k, 
as  guiding  pieces  for  the 
V  are   screws    which    keep 
the  guiding  pieces   in    the  required 
position.     To  prevent  the  screws  y  y 
from  slipping,  the  bolt   i  is   placed 
across  them.     As  often  as  a  current 


m 
an 
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18  sent  through  the  electro-magnet  e  e,  Fig.  ,77,  the  latter  attracts  its 
armature,  and  the  lever  h  moves  the  style  up,  causing  an  indentation  to 
be  made  on  the  paper  as  long  as  the  style  s  presses  against  it-that  is  for 
as  long  as  the  current  lasts.  When  the  current  lasts  only  a  short  time  a 
short  Ime,  technically  called  a  dot,  b  produced  ;  when  the  current  lasts'  a 
longer  tmie,  a  dash  is  produced. 

The  .Mvt-Ttn/rr  is  a  development  of  the  above  with  which  the  dots  and 
dashes  are  written  m  ink  inetead  of  forming  indentations  on  the  paper. 
Although  It  has  been  m  use  for  some  time,  it  is  essentially  a  modern  instru- 
ment, and  will  be  described  in  the  next  section  of  the  book. 

D,.,l  Instnnnn,ts.-VoT  private  telegraphic  work  where  skilled  signallers 
are  not  available  and  where  speed  is  not  of  much  consequence,  it  is  essen- 
tial that  the  ordinary  alphabetical  characters  should  be  used  both  in  the 
transmitter  and  the  receive  This  led  in  the  early  days  and  before 
the  development  of  telephony,  which  is  still  better  adapted  for  use  by 
unskilled  correspondents,  to  the  invention  of  numerous  systems  of  "dial" 
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the   conditions 


telegraph    instruments    fulfilling    more    or    less    perfectly 
named. 

The  widely-used  ABC  instruments  of  Wheatstone  were  amonL-st  the 
earliest  of  these  dial  sets.  They  had  the  advantage  that  they  dispensed  with 
a  battery  and  obtained  the  necessary  currents  by  magnetu-clectric  induction. 
As  wc  have  not  yet  described  this  method  of  RcneratinR  electric  currents,  we 
select  foi  description  another  system,  that  of  Hrcguct's,  which,  at  the  time 
referred  to,  was  largely  used  in  this  country  and  on  the  Continent. 

As  usual  in  apparatus  of  this  kind,  the  transmitting  and  receiving 
mstruments  in  Brei^ncl's  dial  telegraph  are  distinct  and  dilTcrent.  The 
transmitting  apparatus  is  shown  in  Fig.  3  „.  It  has  a  dial,  round  the  f.ice  ot 
which  are  placed  the  letters  of  the  alphabet,  and  the  sign  +,  which  is  used  to 
divide  words  ;  and  in  another  row  are 
placed  numerals,  as  far  as  25.  A 
small  notch  will  be  seen  cut  in  the 
rim  opposite  each  letter.  A  handle  m 
is  pivoted  to  the  centre,  the  arm 
having  a  slot  cut  in  it,  and  this  is 
turned  round  (in  one  uniform  direc- 
tion only,  never  backward)  till  the 
letter  or  figure  required  appears 
through  the  slot,  a  small  pin  on  the 
under  side  catching  in  the  notch,  and 
keeping  the  position  exact.  If  the 
letter  is  overshot  the  arm  must  not 
be  moveil  back,  but  carried  round 
again  ;  hence  the  need  of  the  slot 
and  pin,  not  otherwise  material.  The 
removed  part  of  the  dial  shows  a 
wheel  beneath  which  turns  with  the  handle,  and  has  cut  in  it  a  wave-shaped 
groove,  having  half  the  number  of  waves  that  there  are  letters,  so  providing 
either  a  crest  or  a  hoUow  for  each.  A  roller  on  the  end  of  the  b.nt  lever  t 
works  in  this  groove,  so  that  in  turning  the  handle  one  revolution,  the  lower 
end  of  T  is  moved  from  side  to  side  twenty-six  times,  or  thirteen  to-and-fro 
complete  motions.  At  the  bottom  of  the  lever  a  platinum  spring  thus 
comes  alternately  into  contact  with  the  contact-screws  i'  and  q  ;  p  goes  to 
the  line-wire,  while  the  battery-wire  goes  to  w,  passing  thence  to  the  grooved 
wiieel,  and  so  to  the  lever  T. 

The  receiving  apparatus  is  shown  in  Figs.  3X0  to  ;,S:.  Fig.  3H  j  is  the  facr, 
showing  a  small  key-axle  between  the  numbers  25  and  1  on  tlie  dial,  by 
wiiich  the  clockwork  in  the  interior  is  wound  up.  Fig.  5s  i  is  a  back  view, 
showing  interior  parts,  except  that  the  magnet,  which  laces  the  dotted  circles  of 
the  armature  a,  is  removed  for  clearness.  The  clockwork  cause-  the  pointer 
to  travel  round   the  face  rather  quickiv    uiiiil  stopped  or   legulaled  by  the 


't!-  3:9— Bi<gu«l'.s  Trantmiller. 
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Fig.  380.— Brigueft  Recei"ing  Instru  i-eni 


escape  wheel  D,  a  target 
/iew  of  which  is  given  ii) 
Fig.  3S2,  It  comprises 
two  or>l'nary  notched  whee'* 
mounteJ  on  one  axis,  so  that 
the  teeth  alternate.  The 
pallet  /  underneath,  as  it 
vibrates  backwards  and  for- 
wards, alternately  catches 
the  tooth  of  each  wheel  in 
succession,  so  that  if  there 
are  thirteen  teeth  on  each, 
every  movement  of  the  pallet 
enables  the  wheel  to  revolve 
one  twenty-sixth  of  a  revolu- 
tion.   The  pointer  is  fixed  to 

the  axis  of  this  wheel,  so  that  in  the  sameperiod  it  also  moves  forward  the 

space  of  one  letter.  Thearmature  a  (Fig. 

3S1)  swings  to  and  from  the  observer 

from  suspending  pivots  fixed  in  the  pro- 
jecting supports  V  v',  and  carries  with  it 

the  arm  /,  having  a  horizontal   pin  c 

projecting  from  one  end  of  it.    A  spiral 

spring /draws  the  armature  back  when 

the  current  does  not  pass  through  the 

coils  of  the  horse -shoe  electro-magnet, 

whose  poles  are  opposite 

A.      The    armature,    and 

with  it  the  pin  c,  there- 
fore swing  backwards  and 

forwards    as   the   current 


Fig.  381. — Construction  of  Briguci  s  Receiver. 

is  made  and  broken  ;  and  in  the  enlarged  view  of  the 
escape  wheel  in  Fig.  382.  it  will  be  seen  how  this  motion 
of  the  pin  c  in  the  fork  d  works  the  escapement,  thus  . 
causing  the  pointer  to  move  round  the  dial  one  step 
for  every  "  make  "  or  "  break  "  of  the  current. 

The  action  of  the  two  instruments    can   now  be 
readily  understood.     It  has  been  seen  that  a  complex 
revolution   of  the   pointer  of  the   sending   instrumen 
makes  and  breaks  the  current  thirteen  times,  or  makes 
;    and  these  twcnly-six   ch:iii4f;»'s  also   move  round  the 


change: 
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pointer  of  the  receiving  instrument  a  complete  revolution.  Any  lesser 
number  of  steps  is  similarly  reproduced  in  the  receiving  instrument. 

This  instrument  works  in  practice  remarkably  well.  Occasionally  the 
pointer  will  get  wrong,  owing  to  a  mistake  or  interruption  in  the  message;  in 
that  case  the  head  of  the  rod  t  is  depressed,  liberating  the  escapement 
altogether  until  it  has  rotated  back  to  the  sign  +,  when  all  starts  correctly 
again.  The  handles  near  the  top  of  the  instruments  direct  the  current  to  a 
signal-bell  on  the  receiver  at  pleasure. 

With  this  we  must  conclude  our  preliminary  sketch  of  the  history  and  the 
fundamental  principles  involved  in  the  working  of  the  electric  telegraph.  In 
the  succeeding  part  of  the  book  we  shall  return  to  the  subject  and  deal  with 
the  developments  of  these  principles  and  some  of  the  instrumenU  and 
apparatus  in  use  in  modern  applications. 
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CHAPTER    XL 
MAGNETO-ELECTRIC   INDUCTION. 

I. —  KUMMMENTAL   PRINCIPLES   AND   HISTORY. 

Fn  the  preceding  p;.gc-3  we  have  described  how  the  flow  of  an  electric 
current  produces  magnetic  eff-ects  in  the  media  surrounding  its  path  and 
how  by  taking  proper  advantage  of  the  ascertained  laws  of  these  effects 
we  may  produce  powerful  electro-magnets  whose  magnetism  is  in  most 
part,  if  not  entirely,  due  to  the  electric  currents  circulating  in  the  conducting 
electric  circuits  providV.  The  converse  problem  of  how  either  electricity 
or  the  electric  current  can  be  produced  from  magnetism  at, acted  the 
attention  of  philosophers  very  soon  after  the  discovery  of  the  magnetic 
effect  of  the  current,  and  before  this  effect  had  been  very  exhaustively 
examined.  Many  curious  attempts  were  made  to  solve  the  problem  but 
It  was  reserved  for  Faraday  in  183 1  to  discover  the  solution  in  an  unexp^ted 
direction,  and  thus  to  lay  the  foundations  of  a  new  branch  of  the  science 
a  branch  the  importance  of  which  has  perhaps  only  been  fully  recognised 
during  the  last  thirty-live  or  forty  years. 

Faraday's  own  description  of  the  first  clue  which  he  obtained  in  the 
oevelopment  of  this  wide-reaching  discovery,  probably  the  most  important 
discovery    in   the   science    during   the    nineteenth    century,   may    well   be 

transcribed  here.     He  says  ♦  : 

"Two  hundred  and  three  feet  of  copper  wire  in  one  length  were  coiled 
round  a  large  block  of  wood  ;  another  two  hundred  and  three  feet  of  similar 
wire  were  interposed  as  a  spiral  between  the  turns  of  the  first  coil,  and 
metallic  contact  everywhere  prevented  by  twine.  One  of  these  helices 
was  connected  with  a  galvanometer,  and  the  other  with  a  battery  of  one 
hundred  pairs  of  plates,  four  inches  square,  with  double  coppers,  and  well 
charged.  When  the  contact  was  made  there  was  a  sudden  and  very  slight 
effect  at  the  galvanometer,  and  there  was  also  a  similar  slight  effect  when  the 
contact  with  the  battery  was  broken." 

It  will  be  noticed  that  the  starting  point  of  these  brilliant  researches  was 
the  observation  of  an  une.xpected  and  "very  slight"  effect  and  hence 
it  IS  sometimes  said  that  the  discovery  was  accidental.  This  can  scarcely  be 
lor  ,t  IS  (airly  certain  that  this  particular  effect  must  have  been  produced 
more  than  once  and  passed  unnoticed  during  the  varied  experiments  of 
"  Experimental  Researches,"  10,  page  3,  November.  1831. 
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time,  and  forming  the  first  of  a  series 
in  which  the  "  Evolution  of  Electricity 
from  Magnetism  "  was  revealed  to  the 
world. 

In  this  experiment  Faraday  used  an 
iron  ring  overwound  with  two  separate 
and  insulated  coils  a  and  b  of  copper 
wire  an  shown  in  Fig.  383,  which  is 
copied  from  one  of  Faraday's  figures. 
These  two  coils  were  joined  up  in  two 
entirely  distinct  and  separate  electric 
circuits,  as  shown    in   Fig.  384.      'I'he 

circuit  of  one  coil  a,  which"  may  be  called  the  primary  coiJ,  consisted  of 
the  cod,  a  battery,  and  the  key  k.  The  circuit  of  the  other  or  seTonda^ 
coil  B  consisted  of  the  coil  and  a  galvanon.eter  g  only.     The  experiment  wS 

the  efTec  produced  on  the  galvanometer.  Faraday  thus  describ«  h! 
results  :  "  On  making  the  battery  circuit  at  the  key  K,'the  galvln^et"  iat 

immediately  aflected 
and  to  a  degree  far 
beyond  what  has 
been  described 
when,  with  a  bat- 
tery of  tenfold 
power,  helices  with- 

Upon  breaking  the  contact  with  the  battery,  the  needle  was^g^n  ZerfuW 
deflected  but  in  the  contrary  direction  to  that  induced  in  the^Sn? 
hannen  ?h"°-''  '"  "''  '''^^'  °^  subsequently  acquired  knowledge  what 
Esed'throirr^'^r  'r^'''-  ^hen  the 'current  from  hf  baUery 
o  thTlrn  ^  u  '°''  ^'  ''"'  '^^^  ^'^'^  ^'  ^  magnetising  coil  with  regard 
to  the  ,ro.i  rmg,  through  which  magnetic  lines  flow,  their  tota  number 
Uepe.ui.ng.  accordmg  to  the  laws  already  explained,  upon  he  amL  e  urn 
of  the  magnet.s,ng  coil  and  the  magnetic  reluctanc    cJ  the  ironT  he  ring 


f!j,ni*(#»*i-'' 
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We  shall  see  later  that  these  lints  do  not  spring  into  existence  instanta- 
neously, but  that  they  grow  gradually,  more  or  less  rapidly,  and  that  there 
may  be  a  very  appreciable  time  intervening  between  the  moment  that 
the  key  k  is  closed  and  the  production  of  the  full  magnetic  efTect  in 
the  iron.  Faraday  proved  conclusively  that  it  was  during  this  period  that 
currents  were  produced  in  the  secondary  circuit  b  g,  and  that  these  currents 
were  due  to  electro-motive  forces  produced  in  the  circuit  by  the  change 
in  the  magnetic  hnes  passing  through  that  circuit.  By  numerous  experi- 
ments Faraday  proved  that  these  k.  m.  f.'s  and  currents  are  only  produced 
when  the  total  magnetic  flux  passing  through  the  closed  circuit  b  g  is  being 
varied,  and  he  showed  that  the  magnitude  of  the  E.  M.  f.  impressed  on 
the  circuit  by  this  cause  is  proportional  to  the  rate  of  change  of  this  total 
field.  It  is  to  such  experiments  as  these  that  we  appeal  when  we  assert  that 
the  magnetic  lines  actually  pass  through  magnetic  material,  and  differ 
therefore  from  the  electric  lines  of  force  which  begin  and  end  on  conductors, 
^  and   do    not   penetrate    into    the 

conducting  body. 

The  direction  of  the  induced 
currents  in  any  given  case,  and, 
therefore,  of  the  e.  m.  f.'s  giving 
rise  to  them,  can  be  readily  deter- 
mined by  the  following  simple 
law,  first  enunciated  by  Lenz,  and 
known  as  Lknz'  Law  :  The  direction  of  the  induced  currents  is  such  as 
to  set  up  a  £rld  which  will  tend  to  retard  the  change  which  produces  the 
currents. 

As  a  simple  case,  take  a  copper  ring  held  in  front  of  an  ordinary  straight 
electro-magnet,  as  shown  in  Fig.  385.  Let  the  current  circulating  in  the  coil 
of  the  electro-magnet  be  in  such  a  direction  as  to  magnetise  the  core  as 
indicated  by  the  letters  s  N.  As  the  current  increases  in  the  coil  more  and 
more  of  the  lines  of  force  proceeding  from  N  pass  through  the  ring  o  o  from 
left  to  right.  Whilst  the  field  is  thus  increasing  we  shall  have  currents 
circulating  in  the  copper  ring  in  the  direction  indicated  by  the  arrows,  such 
currents  tending  to  set  up  a  field  that  would  pass  through  the  ring  from 
right  to  left,  and  therefore  retarding  the  growth  of  the  field  due  to  the 
electro-magnet  m. 

As  anothe.  typical  case,  suppose  a  magn-^t  n  s  (Fig.  386)  to  be  moved 
in  the  neighbourhood  of  a  solenoid  a  which  is  in  series  with  a  galvanometer 
o.  As  the  magnet  is  moved  towards  or  away  from  the  coil  along  the  axis  of 
the  latter,  the  number  of  lines  of  force  of  the  magnet  passing  through  the 
solenoid,  and,  therefore,  through  the  closed  circuit  of  solenoid  and  galvano- 
meter, will  be  changed.  With  each  change  of  the  lines  a  current  will  be 
produced  in  the  circuit,  whilst  the  change  is  taking  place,  and  the  direction 
of  the  current   wUl    be   such    as  to  give  the  solenoid  a  polarity   which 


Fig.  3aj.— Cumni  Inductd  in  a  Conductinf  Ring  by 
an   locreuinir  Magnetic  Flux. 
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magnet    and    rct;,rd    the    mo,i,.„  ''   '""^   "'"^  '*-'"^'  '"  '^I"'  ^''« 

which     is     causing     the     inihiccil  *^S 

currents.     The  opposite  effect  will 

be    produced    if   the   magnet  n  s 

be  moved    away    from,  instead    of 

towards,  tlie  solenoid. 

It  is  further  obvious  that, 
according  to  the  general  law. 
similar  efTects  would  be  produced 
if  the  magnet  were  fixed  and  the 
coil  were  moved  so  as  to  produce 
a  variation  in  the  number  of  lines 
of  force  passing  through  it. 

In  making  these  experiments 
care  must  be  taken  that  the 
motion  of  the  magnet  does  not  directly  afTect  the  needle  of  the  galvano- 

Fi/T   in^'JTl"""''  "  ''  ^"'  "  "^P  ''^  "'^^  «peri,nent  depicted  in 
F.g.  ,87,  .n  wh.ch  the  n.agnet   of   F.g.  3S6  is   replaced   by  a  Jenoid   J 


"-.«.  iS& -Induction  of  Etecl.ic  Currniu  by  ,h.  nuiia 
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*'»«•  38:  —Induction  by  ihe  motion  of  a  Coil 
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Let  now  a  key  bo  in  trod  need  into  the  battery  circuit,  so  thai  the  current 
Ml  Pcan  be  made  or  broken  at  will.  When  there  is  no  current  in  i-  it  has 
no  magnetic  properties,  and  therefore  sends  no  magnetic  lines  ol  lorce 
through  s.  It  the  key  be  now  closed  a  current  Hows  tlirnugh  \\  which 
becomes,  in  efftct,  a  magnet.  This  is  equivalent  to  biiiij;inK  up  tn.m  an 
inhnite  distance  a  magnet  into  the  position  occupied  bv  i',  and  tlurelore 
corresponding  ellects  will  be  observed  in  the  s  circuit.  The  making  of 
\  clockwise  current  in  I'  (giving  a  north-seeking  pole  at  the  lower  end),  send- 
ing lines  downward  through  s,  will  induce  a  counter-clockwise  current  in  S 
tending  to  send  lines  upwards,  and  therefore  to  retard  the  change  causing  the 
induction. 

On  the  other  hand,  the  breakint^  >  the  battery  circuit  is  tantamount 
to  -emoving  altogether  the  magnetic  jiroperties  of  p  and  all  tnagnetic  lines 
pass-ing  through  s.  These  lines,  as  supposed  above,  were  downward  lines, 
ana  therefore  the  currents  induced  in  s  will  tend  to  set  up  downward  lines— 
that  is  they  will  be  clockwise  currents,  retarding  the  removal  of  the  lines 
previously  there. 

Lastly,  suppose  r  iiitroduced  righ  inside  s.  If  now  a  clucktvise  current  he 
set  up  in  i-  producing  downward  lines  of  force,  the  currents  inJuced  in  s  must  be 
counler-cldchtisf,  giving  upward  lines  of  force  and  therefore  tending  to  retard 
the  introduction  of  the  downward  lines.  Conversely,  the  bnakini^  of  a 
clochvisr  current  in  P  will  induce  clochcise  currents  in  s.  Though  only 
a  particular  case  of  magneto-electric  induction,  this  last  experiment  is  often 
given  as  one  on  current  induction.  By  developing  the  reasoning  alreao^ 
used,  it  can  be  readily  shown  that  the  following  so-called  taus  of  current 
induction  are  true  : — 

1.  An  induced  current  is  generated  in  a  conductor  b  when  a  current  is 
started  in  a  near  parallel  conductor  a,  the  direction  of  the  induced  current 
in  b  being  opposite  to  that  of  the  inducing  current  in  a. 

2.  An  induced  current  is  produced  in  a  circuit  b  when  the  orrcnt  in 
a  neighbouring  parallel  circuit  a  is  broken,  and  in  this  case  the  induced 
current    in  b  flows  in   the  same  dire.i.hn  as  the  inducing  current  in  a. 

3.  When  two  closed  circuits  a  and  (i,  one  of  which,  i/,  conveys  a  current, 
are  brought  near  each  other,  an  induced  current  is  generated  in  b,  which 
flows  in  the  opposite  direction  to  that  of  a. 

4.  When  the  two  circuits  are  removed  from  each  other,  a  current  will  be 
induced  in  the  closed  circuit  b,  which  flows  in  the  same  direction  as  the 
inducing  current  in  a.     All  these  currents  in  b  are  mumentarv  currents. 

All  the  experiments  described  with  the  coils  p  and  s  (Fig.  387)  will  be 
much  more  efl'ective,  and  the  ren  Us  greater,  if  either  or  both  coils  have  iron 
cores,  for  in  these  cases  the  number  of  lines  set  up  or  destroyed  will 
be  very  much  greater.  When  p  is  within  s,  one  C'«n!n"n  iron  core  will 
be  sufficient  for  both,  and  in  this  shape  it  forms  a  piece  of  apparatus 
very    widely   used   in    telephony   under    the   name  of   an    induction    coil 
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(FiR.  ?oM.  a  name  wl.icl,  is  al>.,  a,,,,lic.l  to  nuah  ,„„re  datu.rate  pieces 
<.»  apparatus  to  bcdcscribc-a  presently.  The  cil  p  i,  usually  referred  to 
as  the  primary  and  the  coil  s  as  the  ifcnn,lar\ 

Suppose  that  in  such  cases  the  core  were  to  consist  of  a  solid  bar  of  iron. 
I  he  mater.al  of  the  core  is  an  electrical  conductor  in  whose  substance 
innumerable  s.nall  closed  conducting  circuits  exist,  in  which  currents  can 
(.  w  which  are  capable  of  settinR  up  the  mjnmte  u-Undin^  fid.l.  When 
chanses  take  place  n.  the  current  in  p.  then,  curre-.ts  woul.l  be  set  up  i„ 
exactly  the  same  way  .>s  that  in  wh.ch  they  are  set  up  in  the  copper  rin^  uo 
in  I  ifc  ,8f  I  ,„  lea.ls  to  two  secondary  effects  usually  undcsiiable.  In  the 
hrst  place  the  chmRe  in  the  current  in  .•  is  delayed,  and  in  the  second  place 
tne  energy  o.   the  currents  in   the   iron   cure   is  conyerted  into  heat,  a.,d 

lontinrd.'""'^  "'   '""^  '"'   '^  '^*  •■'''*"«^"  '"  "  ^^'^    '•'!''''  ''"^'   '""8 

To  ayoid  these  efTccts  the  core  should  he  laminat.d  in  such  a  way  as 
to  destroy  the  contn,u>ty  of  the  circuits  in  wh;ch  currents,  capable  of 
»ettn.g  up  the  retarding  fields   required   by  Lenr  Law.  can   Le  Luced 
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These  circuits  are  in  planes  at  rifiht  angles  to  the  lines  of  force  and 
the  necessary  lammation  is  usualh  obtained  bv  making  the  core  of 
bundles  of  iron  wire,  each  wire  being  either  carefully  yarnished  or 
sufficiently  dirty  and  rusty  on  the  outside  to  preyent  appreciable  currents 
passing  sideways  from  ..ne  wire  to  another.  This  kind  of  lamination  is 
clearly  shown  in  Fig.    ;<'). 

Higrher  Orders  of  IndUCtion.-The  similarity  in  the  effects  produced 
by  voltaic  and  induced  currents  led  to  the  idea  that  induced  currents 
in  their  turn  must  be  capable  of  inducing  other  currents  in  con- 
ductors near  them.  Professor  Henry,  of  Princeton,  proved  this  to  be 
the  case  by  using  several  coils  of  copper  bands  parallel  to  each 
other.  Fig.  38S  (I  II  III  IV)  shows  how  he  arranged  them.  \I  .king 
or  breaking  contact  in  the  circuit  in  which  i  is  placed  induced  a  current 
m  II.  winch  flowed  also  through  in  ;  the  wires  of  iv  terminated  in  metallic 
handles  e  /,  and  the  person  touching  e  '  received  a  shock  due  to  the 
md:-.ccd  currents  in  iv.  Itulucci  ciirrents  of  this  kind  are  said  to  be  of  a 
higher  order.  The  induced  current  of  iv  is  one  of  the  second  order 
Currents  of  a  higher  order  cannot   very  weU  he  simple  currents,  as  the 
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app;iranf<.  or  <li>,.i|  ;H;ur.irit  t  uf  tlic  mJin  current  caus'  two  iri'iiced 
-urunts,  the  diicttimi  ol  lii-o  fir-t  induced  .  "rent  l-cing  ■  posite  to  he 
setorul.  Let  us  suppose  the  current  produced  m  I  clockwise,  t-  direction  oJ 
the  current  in  II  on  '  in. ike  "  nill  ne  cuuiiler-tlivi  kwise  ;  litis  m  ced  i  irt' H 
flouH  throujrli  III,  and  induces  in  iv  two  currents  i.;  the  .cikJ  > 
clod-wise  whilst  it  is  increasinfj  and  one  counter-i  K'k\vi-,i  whii 
awa\  Wh.  i;  the  ci'ckwise  current  in  I  s'  ■  ts,  a  t  .  'tcrclc-k 
current  in  mi  becins  and  quickly  suh'-idc.  Wh;  ■■  it  iiic  m.-  ■  ii 
clockwise  current  in  iv,  and  while  it  d^trcav  -  it  pr<i;iicesa:  .uiii  -v  1 
current  in  iv.  When  tliccii'  nt  in  i  lops,  'i  a  simiLr  iiuiimc  it' 
lraii>itor\  '  .  kui^f  current,  vvhiv.li  in  iniiiaMiitr  anii  di;crc.^^nn; 
opposiieU  iitcilr  I  induced  curnnK-  ni  iv.  II  these  .  -n:  -  be  led  ' 
oil,  indu.  <  I  LUti'itt.-.  afjain  w..uld  be  produ(  t  d  in  a  h  coll.  ain 
II  Jiiced  curiciits  ot  the  second  order    'i    duce  "pj-   sitf  ts  .is  t. 

fall,  indued  currents  of  the  tliii  i  i.idet  uill  «  peiierat. 
Iii  tliis  iK.iiii.r.  by  pfipcr  arr.iiiijeir-  iit  of  tiie  c  .ils,  induce 
toiirlh  .111.1  liiih    ,!il  T  niiL'ht  be  ubt  I  and  -heir  existence  ! 
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ago,  and  called  after  him    Arago's 

copper  is  made  to  rotate  in  its  own 

ver  it,  the  needle  turns  nnind  in  the 

is  is  .shown  in  Fig.  3. Si.    The  ci>pper 

id  can  be  made  to  rotate  rapidly  by 

've  the  horizontal  glass  plate  of  the 

.1  pivot.     The  velocity  of  the  needle 

It  the  cojipcr  plate  be  perforated  the 

the  cflTcct   are  obtained    by  .substituilng 


j'cr  plate.     We  shall  discuss  this  experiment  more 
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e  fundamental 
ev.        ^le  iiumbi-r  of 
OKU  i  is  altered  cun 
tetards  the  change  v 
u\t  III  ;i  circuit,  that 
through  the  circuit, 
to  the  tundainental  I. 
retard  the  chaiu' 
the  growth  of  • 
The  circuit 
self-induction  ex 
in  a  circuit  does 
value.    Conversely    v 
disappearance  ■  ■    U' 
tended  by  indui.tivc 


WIJH^^ 


T 


ri     iplc  of  magneto  electric  in^^action  js  -hat     'hmn- 
■   niagiu  sic   hues  ot  force  pas-      -       -^^ijJ^    a  .    -«) 
iits  are  ii   !     td  in  the  circui  pn^-tic  efTt-i  t 

'    ''«:'>  '*   t,.-n,i.    place.      But  ,t    is   set 

rent  gra  ise  to  hnes  of  fi.rcc  «  i  ncci  irily  pas» 
This  introduction  of  lines  of  force  11  tend,  according 
■  produce  currents  in  the  circuit  vhich  will  tend  to 
U  ^ace— that  is,  the  growth  of  the  held,  and  therefore 
t  ivhich  is  setting  up  the  held. 
"-c  said  to  have  se/f-int/ucnon,  and  the  existence  of 
lark  previously  made  {sr.-  page  4iS),that  the  current 
ineously  attain  its  final 
circuit  is  broken  the 
etic  field  will  be  U- 
-V  These  are  frequently 
manifested  by  the  appearance  of  a  more  or  less 
vivu/  spark  at  the  point  where  the  break  is  ma.Ie. 
To  explain  the  existence  uf  this  spark,  which 
usually  indicates  the  presence  of  a  high  i-  d. 
Setween  the  two  sides  o(  the  break,  we  must 
look   at  the    inductive   phenomena   from   another  ,  >  -  — 

standpoint.  '   3.>.-S,IM„dacliuo.f  Crr^^ 

Whenever  an  electric  current  flows  in  a  circuit  there  must  be  {see  t-    •-• 
'45)  an  k.  m  k.  in  that  circuit,  and  induced  currents  are  no  e.xception  t 
rule.     Farati.i>-  showed  that  the  •;.  m.  f.  ofmngtietr'  electiic  mdwtiun  : 
tional  to  the  rate  of  change  of  the  number  nf  -.r-i^ietic  lines  enclos 
circuit.     (Lenz*  law  gives  the  direction  of  this  h.  m.  k.)     But  the  lin. 
are  closed  curves,  and  therefore  cannot  pass  into  or  out  of  the  above  e 
without  cutting  one  or  the  other  of  the  conductors  which  form  the  1 
It  may  be  inf..  red,  therefore,   and  experiment  justifies  the  infere 
whenever  a  line  of  force  moves  across  a  conductor  an  e.  in.  f.  is  set 
conductor,  proportiunal  tf.  the  rate  at  which   'he   magnetic  lines  are  m 
across  it.     Tbii  is  a  more  general  law  than  the  one  previously  given. 

Returning  now  to  the  "  spark  at  break,"  consider  the  ^mple  circiiit  shown 
m  Fig.  300,  and  consisting  only  of  a  oattery  n,  an  i  icctro  n>:ignct  m,  and  a  key 
K.  When  the  current  is  fully  established  there  will  be  a  great  'number  of 
magnetic  lines  pa>sing  through  the  core  of  m.  \Vlien  the  circuit  is  broken 
these  hues  in  disappearing  must  cut  the  loops  of  the  ■  lagiietising  spiral  with 
great  r:,p;dity,  ca-li  line  cutting  all  the  loops  and  selling  up  .m  k.  m.  k.  in  each 
All  these  e.  m.  k.\s  are  in  the  same  direction,  :.iid  tend  to  keep  up  the  strength 
of  the  disappearing  current.     Consequently,  as  the  gap  at  k  widens  a  pa 
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suddenly  appears  between  the  two  sides  sufficiently  great  to  rupture  the  ail 
and  give  a  vivid  spark.  Even  with  a  small  battery  the  i'.  D.  indicated  by  this 
spark  may  mount  up  to  hundreds  of  volts.  This  sudden  rise  of  p.  n.  will  be 
evident  to  anyone  who  grasps  the  two  handles  c  c,  one  on  either  side  of  the 
gap.  If  the  electro-magnet  m  be  a  large  one  a  very  unpleasant  physiological 
shock  will  be  experienced. 

Another  arrangement  for  showing  the  existence  of  an  h.  m.  k.  in  the  coils 
of  an  electro-magnet  from  which  the  current  is  being  withdrawn  i-  Jiown  in 
Fig.  m.  Wires  lead  from  the  battery  b  to  the  coil  s,  and  from  the  points  of 
the  circuit  indicated  at  a  and  h  wires  branch  off  to  tlie  galvanometer  o,  so 
that  the  galvanometer  forms  a  kind  of  shunt  on  the  coil  s.  When  contact  is 
made  at  k,  the  current  flows  Ironi  the  battery  towards  a,  and  divides  here  into 

two  branches: 
one  branch  flows 
to  the  galvano- 
meter, the  other 
branch  flows 
through  s,  meets 
tiie  first  branch 
at  d,  and  both 
return  to  the 
battery  again. 
This  current  is 
indicated  by 
dark  arrows. 
The  deflection  of 
the  needle  which 
this  current 
rould  cause  is  prevented  by  fixing  a  pin  in  front  of  the  needle.  The 
branch  current  cannot  now  deflect  the  needle,  it  only  causes  it  to  press 
agamst^  the  pin.  When  contact  is  broken  at  k,  however,  the  inductive 
K.  M.  F.'s  set  up  in  the  coil  s  which  tend  to  set  up  a  current  towards  b  give 
rise  to  currents  in  the  closed  circuit  consisting  of  the  coil  s  and  the 
galvanometer  g.  These  currents  cause  the  galvanometer  needle  to  move  in 
the  opposite  direction  to  that  of  the  pin.  This  so-called  extra  current  is 
shown  in  the  figure  by  the  dotted  arrows  ;  it  enters  at  the  b  terminal  of  the 
galvanometer,  whilst  the  direct  current  previously  entered  at  the  a  terminal. 
When  an  electro-magnet  is  shunted  in  this  way  it  is  observed  that  the  spark 
at  K  on  breaking  circuit  is  very  much  less  vivid.  This  observation  is  worthy 
of  careful  consideration. 

Energy  of  the  Magnetic  Field. -Wc  iiave  already  pointed  out  that 

the  magnetic  lines  of  which  we  speak  so  familiarly  are  simply  a  convenient 
method  of  indicating  the  state  of  elastic  strain  into  which  the  medium  ig 
thrown  by  the  magnetising  forces.     Energy  must  be  spent  in  setting  up  this 
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state  of  strain,  though  none  is  required  to  maintain  it.  The  phenomena  of 
self-induction  enable  us  to  trace  the  energy  changes  a  step  further  than  we 
could  without  their  aid.  As  the  held  (Fig.  ^'^i)  is  being  set  up  by  the 
growing  current,  back  k.  m.  k.'s  are  induced  in  the  circuit,  and  the  battery 
current  in  working  against  these  back  k.  .m.  k.'s  has  to  spend  energv  It  is 
this  current  energy  (derived  from  the  battery)  so  spent  whicii  appe.rs  as 
magnetic  strain  energy  in  the  magnetic  field.  Without  the  back  k  m  k  's  no 
energy  could  be  taken  from  the  battery  circuit,  and  thus  it  becomes  evident 
that  the  phenomena  of  self-induction  are  a  necessary  link  in  the  process  by 
which  energy  is  transferred  from  the  battery  circuit  to  the  magnetic  field 

Conversely,  when  the  circuit  is  being  broken  the  st<,red  energv  of  the 
maenetic  field  is  passed  back  again  into  the  circuit  bv  means  of  the  inductive 
E.  M.  F.  s  generated.  In  this  case  the  h.  m.  k.'s  are  forward  ones  ;  tliev  help  the 
battery  current  by  bringing  back  the  energy  previou.sly  ab.sorbed  into  the 
Circuit,  and  it  is  th  energy  from  the  disappearing  magnetic  fiel.l  which 
causes  the  light  and  noise  of  the  "spark  at  break."  Consequentlv  the 
greater  the  energy  of  the  field  which  is  being  suppressed  the  greater  and 
more  vivid  is  the  spark  ;  thus  when  electro-magnets  are  in  the  circuit  the 
sparks  even  with  small  currents,  are  much  more  brilliant  than  thev  are  with 
much  larger  currents  when  there  are  no  electro-magnets,  'l-his  can  easily  be 
tested  by  experiment. 

Further,  when  the  electro-magnet  is  shunted,  as  in  Fig.  ^qi,  part  of  the 
energy  of  the  field  is  expended  in  driving  the  currents  round  the  closed  circuit 
consisting  of  s  and  g.  The  conductors  in  this  circuit,  becoming  heated 
absorb  some  of  the  energy,  and  therefore  there  is  a  smaller  quantity  to  be 
dissipated  at  k,  and  the  spark  there  becomes  much  less  vivid. 

The  laws  of  magneto-electric  induction  are  of  great  importance  in 
numerous  applications  of  electricity  to  the  service  of  man,  more  especially  in 
engineering  work.  Before  dealing  with  this  work,  however,  a  few  pages  may 
profitably  be  devoted  to  the  ea-ly  history  and  development  of  "  Induction 
Coils,"  which  apply  Faraday's  discovery  in  the  simplest  and  most  direct 
way  and  in  one  form  or  another  are  now  widely  used. 


HI. — TRANSFER    AND  TRANSFORMATION   OF   HNRKGV. 

Transfer  of  Energry  througrh  the  Medium.-Aitention  should  first 

however,  be  directed  to  an  important  aspect  of  the  above  phenomena.  It 
IS  this,  that  there  is  an  actual  transfer  of  energy  from  the  primary 
circuit  to  the  secondary  circuit,  and  that  this  energy  must  reach  the 
latter  from  the  former  through  the  intervening  insulating  medium 
For  It  is  obvious  that  energy  d.,es  reach  the  secondar-  circuit  in  some 
manner,  because  the  electric  currents  generated  can  he  ma.le  to  do  work 
as  we  shall  see  later,  or  can  heat  the  conductor  as  they  do  in  the  above 
experiments.     But  energy  cannot  be  either  created  or  destroyed,  and  the  only 
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source  of  energy  in  the  experiment  is  in  the  primary  circuit.  From  this 
circuit,  then,  the  energy  of  the  electric  currents  set  up  in  the  secondary 
circuit  must  be  derived,  and  in  its  transmission  the  magnetic  actions  in  the 
medium  evidently  play  an  important  part. 

I5ut  though  in  both  circuits  the  energy  is  electrical,  it  may  take  very 
dilTerent  forms  in  the  two  cases.  Thus  in  one  circuit  the  energy' lost  may  be 
noted  m  the  temporary  diminution  of  the  strength  of  a  continuous  current 
driven  through  the  circuit  at  a  somewhat  low  voltage.  This  energy  m  ly 
reappear  m  the  form  of  a  rapidly  alternating  current  at  a  much  higher 
voltage.  Or,  again,  in  both  circuits  the  currents  may  be  alternating  bui  the 
voltages  and  current  strengths  may  be  very  different.  What  we  have  to 
remember  is  that  the  factors  of  electrical  energy  or  work  are  pressure, 
rurrent  and  time,  or  in  symbols— 

w  =  E  c  /, 
where  w  is  the  work  oi  energy,  h  the  pressure  or  voltage,  c  the  current  or 
amperage,  and  /  the  ti  ,.■.  In  the  phenomena  now  being  considered  the 
element  of  time  may  b.  .^regarded,  for  it  is  the  same  for  both  circuits,  and 
therefore,  on  balance,  cancels  out.  In  other  words,  the  appearance  of  the 
energy  m  one  circuit  h  coincident  in  point  of  time  with  its  disappearance 
from  the  other,  the  transfer  being  practically  instantaneous. 

If  there  were  no  loss  in  the  transformation  we  should,  therefore,  have  the 
equation — 

F,  c,   =   E,  c„ 

where  the  left-hand  side  represents  the  power  taken  from  the  inducing  or 
Primary  circuit,  and  the  right-hand  side  the  power  appearing  in  the  circuit 
acted  upon,  usually  called  the  secondary  circuit.  In  r '  .c'ice  there  is  always 
some  loss  due  to  irreversible  he  ting  effects,  and  thert  •  h  ,  second  product 
IS  oniy  approximately  equal  to  the  first.  The  equatic  h.,v  -ver,  shows  that, 
whilst  rigorously  satisfying  the  conditions,  the  amper.  .nd  the  volts  may 
differ  widely  on  the  two  sides.     Thus  in  the  primary  circuit  we  may  have 


K,    =    100  C,    =    20 

and  in  the  secondary  circuit 

E,  =  2000  Cj  =•  095 


Ki  c,  =  2000 


E,  C„    =    iqOO. 


To  avoid    misconception   as   to  the  meaning  of   the  symbols  used  the 
hillowmg  points  should  be  borne  in  mind  :— 

(i.)  The  pressure  k,  in  the  primary  circuit  is  the  inductive  pressure  or 

back  E.  M.  K.,  without  the  existence  of  which  power  could  not  be 

taken  from  the  circuit, 
(ii  )  The  values  of  all  the  quantities  are  mean  values  properly  measured,  for 

from  the  nature  of  the  actions  the  actual  values  are  necessarily 

changing  from  instant  to  instant. 


4-'7 

IV.— BATTKKV  INDrCTION  COUA. 

The  special  pieces  of  apparatus,  by  which  adva„t  ige  is  taken  of  the  above 

phenomena  to  p;uauce  certain  effects  or  changes,  are  variously  known   a. 

.nduction    coils,"    "secondary    generators,"    "transformers,"'    or    "con- 

T'  Jl^  'I'^'in'^'io"  between  the  f^rst  and  the  others  beir;R  chieflv  based 
on  the   different  methods  by    which  the  essential  variation  of  the  current 
IS  produced  m  the  primary  circuit.     In  earlv  days,  when  batter^•  currents 
were  practically  the  only  ones  available,  the  "  induction     .il  "  was  developed 
More  recently,  and  since  rapidly  alternntinR  oirrcnts  fr.m  dynamo  machine 
have  become  common,  the  same  physical  principles  have  been  applied  to  the 
'  t  ran  s  former," 
or  "  seconding  gen- 
erator "    or    "  con- 
verter,"  which    is 
sometimes     still 
further     particuLir- 
ised  as  the  "alternate 
current"  or  "static  " 
transformer    to  dis- 
tinguish   it    from 
other     transformers 
of  electrical  energy 
in  which   there  are 
moving    parts. 
Taking  the   subject 
in  the  order  in  which 
it  has  developed,  we 
shall  deal  with  the 
"  induction      coils  " 
first. 

H  is  torical 

Notes.-The  first  induction  coils  were  undoubtedly  those  used  by  Faraday 
in  his  classical  researches  on  magneto-electric  induction  (piigcs  410  t  > 
4-^0  ,  and  the  coil  shown  in  Fig.  383  has  much  in  common  with  the 
modern  static  transformer.  It  was  use  1,  however,  by  Faraday  (Fig  384) 
with  a  battery  and  a  break-circuit  key.  At  each  make  and  break  of  the 
key  K  a  transient  current  passed  through  the  galvanometer.  Faraday's 
discoveries  excited  great  interest,  and,  in  addition  to  Faraday,  Sturgeon. 
Henry,  Hare,  and  many  others  worked  at  the  subject.  In  those  davs  the 
primary  and  secondary  coils  were  usually  wound  over  one  another  on  the 
same  core,  and  it  was  not  long  before  mechanical  contact-breakers  replaced 
the  key  k  of  Faraday's  early  work. 

One  of  these  early  mechanical  contact-breakers,  often  reinvented  since. 
»  shown  m  Fig.    ^,^j.    It  wa*  constructed  by  BachhofTner,  of  London,  io 


I  IK   (ja.  — lUchh.jffner's  Induction  Coil  (1837). 
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1837.  The  coil  n,  made  by  Sturgeon,  is  wound  witli  two  circuits,  ,  p;  being 
the  terminals  of  the  primary  and  n  H  those  of  the  secondary  circuit  ;  c  is 
the  battery  whose  wires  h  and  »  are  led  to  the  mercury  cups  i  and  2,  whilst 
g  and /are  connected  to  the  cups  2  and  3.  The  brass  columns  o  o  are  also 
connected  to  the  cups  i  and  3.  The  current  from  the  battery  wire  h  passes 
between  the  columns  o  o  through  the  ratchet  wheel  d  and  the  steel  spring  h, 
then  through  the  primary  coil  and  back  to  the  battery  by  cup  2  and  wire  1. 
If  the  wheel  I)  be  turned  the  battery  circuit  is  broken  and  made  again  as  the 
spring  K  slips  from  one  tooth  to  another.  The  best  effects  were  said  to  be 
obt.imed  with  Bachhoffner's  apparatus  when  the  v/lieel  was  turned  at  a  sp  eC 
which  gave  72  interruptions  per  second. 

For  such  rapid  interruptions  the  galvanometer  of  Fig.  3S4  would  give  no 
results,  because  it  is  deflected  in  opposite  directions  at  make  and  at  break, 
and  could  not  move  in  either  direction  before  receiving  the  impulse  in  the 
opposite  direction.  The  physiological  effect  was,  therefore,  used  as  a  test  of 
the  efficiency  of  the  apparatus.  This  effect,  to  which  we  have  already 
referred  (s/r  page  137),  is  experienced  whenever  two  parts  of  the  body- 
as,  lor  instance,  the  two  hands— are  suddenly  subjected  to  a  high  potential 
difference  causing  a  sudden  discharge  through  the  body.  The  nervous 
system  is  seriously  affected  and  the  muscles  cojitract,  and  if  the  v.  n.'s 
be  rapidly  varied,  very  painful  sensations  are  experienced,  which  in 
extreme  cases  result  in  death.  It  is  the  rapid  variation  of  the  p.  d. 
which  appears  to  produce  these  nervous  disturbances  ;  an  excessive 
but  steady  :•.  d.  produces  other  effects,  to  which  we  may  allude  later. 

It  will  be  understood  that  the  physiological  effect,  which  necessarily 
depends  upon  the  particular  experimenter,  cannot  be  made  strictly  quanti- 
tative. Later  it  has  been  replaced  by  the  length  of  sjiark  that  can  be 
produced  between  the  separate  ends  of  the  secondary  circuit,  but  this 
measurement  is  only  to  be  relied  upon  as  approximate.  For  accurate  work 
the  electrical  quantities  must  be  measured. 

In  Bachhoffner's  apparatus,  besides  the  two  handles  h  h  at  the  ends  of 
the  secondary  circuit,  two  other  brass  cylinders  y,  k  were  connected  one  on 
each  side  of  the  break  in  the  primary  ircuit  in  exactly  the  same  position  a? 
the  handles  c  c  in  Fig.  vio.  The  inductive  effect  on  breaking  the  primary 
circuit  would  be  thrown  on  to  these  terminals  (y,  k),  and  could  be  observed 
by  grasping  them  with  moist  hands.  Bachhoffner  observes  that  using 
only  a  single  cell  the  effect  "  is  so  unsupportable  that  anvthing  like 
grasping  the  conducting  tubes  with  the  hands  moistened  is  out  of  the 
question." 

Bachhoffner  appears  to  have  been  the  first  to  observe  that  the  coil  is  more 
effective  with  a  bundle  of  insulated  iron  wires  for  the  core  than  it  is  when  a 
solid  iron  bar  is  used.  He  used  common  covered  bonnet  wire,  and  estimated 
that  "the  power  of  the  instrument  was  increased  at  least  twofold."  He  gives 
no  expl.inati--!!  of  this  result,   but  we  now  know  i^sce  page  421)  that  it  is 


TitF  Ki'H.\ticoRFF  Cjil.  ^2) 

due  to  the  suppression  of  induced  or  "  cddv  "  currents   in  the-  continuous 
solid  iron  nias>. 

The  next  Rre^it  step  in  developing  the  battery  induction  coil  was  to 
replace  the  mechanical  c.ntact-brcakcr  by  ;.„  dcctro-niafincc  contact- 
breaker  actuated  by  the  pri.nary  current.  Such  breaks  were  deviled  bv 
Masson  and  BrcKuet,  Du  Hois- Ravmond,  and  others,  especiallv  K'uhnikorfT, 
who  introduced  many  improvements  in  the  .letails  of  the  coil,  s„  much  so 
that  It  IS  still  often  referred  to  as  the  •'  Kuhmkorff  Coil."  ( )ne  form  » 
Illustrated  m  P.g.  v.;,  with  an  electro-magnetic  contact-breaker  ..t  the  side, 


V'g.  39}.-Rutamkorri  IndoctariuiB. 

as  devised  by  PoggendorfT  and  constructed  by  Foucault.  The  terminals  of 
the  primary  or  thick  wire  circuit  are  brought  to  the  screws  ii  and  m  whilst 
the  terminals  of  the  secondary  are  taken  to  k.,  k,  which  are  very  carefully 
insulated  on  glass  pillars,  tor  the  p.  i..  between  them  may  rise  to  many 
thousands  of  volts.  The  bo.x  c  contains  a  condenser  whose  terminals  are 
connected  to  i  and  iv,  and  whose  presence  increases  the  length  of  the  spark 
for  reasons  we  shall  give  later.  ' 

The  contact-breaker  is  driven  by  a  separate  cell  attached  to  the  binding 
screws  k  k„  the  larger  battery  for  the  primary  circuit  being  connected  t.>  the 
terminals  k  k,  The  electro-magnet  c  and  the  mercury  cup  a  form  with  the 
auxiliary  cell  the  contact-breaker  circuit.'  Whenever  current  flows  in  this 
circuit  the  magnet  is  excited  and  draws  down  the  armature  ;  this  action 
breaks  the  circuit  m  the  cup  a,  the  magnetism  disappears,  the  armature 
IS  released,  and  the  lever  is  rocked  back  a«ain  by  the  weights  at  the  far  end 
over-balancmg  the  weight  of  the  armature.  In  this  w.ay  the  c.ntact  is  again 
made  in  a,  and  the  cycle  of  operations  is  repeated.  The  same  lever  carries  a 
second  contact  point  dipping  into  the  mercury  cup  b.     This  contact  forms 
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part  of  the  primary  circuit,  which  is  therefore  made  and  broken  simuha 
neously  with  the  circuit  of  the  rnaj^net  i:  The  upright  rod  s  is  attached 
to  the  rocking  lever,  and  carries  a  sliding  weight,  by  raising  and  lowering 
which  the  rate  of  vibration  of  the  lever  can  be  varied. 

As  the  current  in  the  primary  circuit  rises  and  falls  magnetic  lines  of  force 
are  threaded  through  and  withdrawn  from  the  secondary  circuit,  in  each  turn 
of  which,  therefore,  in  accordance  with  Faraday's  laws  of  magneto-electric 
induction,  k.  m.  k.'s  are  set  up  which,  being  added  together,  bring  a  disrup- 
tive potential  difference  on  to  the  terminals  k„  k. 

Modern  Induction  Coils. — The  successful  production  of  a  good  induction 
coil  requires  careful  attention  to  a  number  of  details,  the  chief  of  which  relate 
to  ihe  insulation  of  the  primary  and  secondary  coils,  but  especially  the  latter. 
The  insulating  materials  must  be  carefully  selected  and  be  the  best  of  their 
respective    kinds.      Wires   whose   potentials  will   differ   greatly   when    the 

coil  is  \'    'kiiitj  must 
be  sc]  ar 

as  possibii. 
another.  \.  >  u 
such  separation  is 
not  possible  extra 
insulation  must  be 
interposed  to  pre- 
vent disruptive 
sparks  passing  from 
wire  to  wire  inside 
the  coil. 

An      excellent 
type    of  a    modern 


HS'  394.  —Modern  Battery  Indaction  CoU. 


induction  coil  is  shown  in  Fig.  394.  The  particular  coil  illustrated  is  built 
by  Messrs.  Newton  and  Co.,  from  the  designs  of  Mr.  Apps,  who  for 
many  years  has  been  the  leading  English  manufacturer  of  these  coils. 
Tlie  general  connections  are  given  diagrammatically  in  Fig.  305.*  The 
same  letters  are  used  for  the  corresponding  parts  in  both  figures. 

The  primary  circuit  starting  from  the  battery  passes  to  the  terminal  t, 
and  then  through  the  upright  column  A  to  the  break-gap  b.  When  this  gap 
is  closed  the  current  can  flow  through  the  hammer  h,  the  thick  primary  coil 
p  p,  and  back  to  the  battery  through  the  terminal  Tj.  The  secondary  circuit 
s  s,  represented  by  the  spiral  of  fine  lines,  haj  its  ends  brought  to  the 
tenninals  /  /,  which  are  carefully  insulated  on  long  ebonite  columns  and 
carry  the  discharging  rods  r  r.  These  rods  are  provided  with  corrugated 
ebonite  handles,  and  pass  through  balls  which  are  carried  on  universal  joints 
so  that  they  can  be  quickly  set  in  any  desired  position  and  with  their  ends  at 
any  required  distance  apart. 

•  This  figure  is  taken  from  "  The  Electric  Current"  (1S94),  by  Dr.  K.  Mullineux  Walinsley 


Thkoky  of  tuk  Rvhmkokff  Colt.  4.1 

hnnnl'^  ^T-  '*'"'  "^  """""'^  "P''"  '^'^  lammatcd  core  T  t,  .vhi.  h  consists  of  a 
BachL'of^,  '-"  -res  insulated  from  one  another  .s  ,ecumn,ended  by 
Bachhoffne.      The  primary  core,  consisting  .,f  a  lew  turns  of  th.ck  copper 

from  he  secondary  whtch  ,s  wound  outside  the  tube.  The  tube  projects 
some  distance  beyond  the  «.condary  coils,  and  has  a  :,u,nh-  r  „f  ebonite  Ls 
^ireaded  on  to  .t  separated  by  narrow  rin^s  which  act  as  dista.ice  pi««. 
The  ^oncary  co.l  .s  wound  in  a  series  of  fiat  spirals  in  the  spaces  so  .or«c-d, 
>nd  thus  parts  of  the  co.l,  at  widely  different  potentials,  are  kept  well  ^art. 

,«  !^!,  ^^'''"'  '^'u"""'  ""^  '^"""-■^t-d  in  series  so  that  all  the  induced  k.  «  k  '. 
are  added  together. 

The  contact-breaker,  known  as  a  XiefT  hammer,  consists  ot  a  p»«ce  of  soft 


FiK-  395-  — Coiiii«rtioiii  of  ■  Btiterr  Induction  Coil. 


iron  H  carried  on  a  spring  „,  which  is  so  set  up,  that  when  there  is  no 
magnetism  in  the  core  r  T  the  gap  b  is  dosed  by'the  action  of  he  sping 
When  the  primary  current  flows  the  core  t  t  becomes  magnetised  and 
atracts  the  hammer  head  h,  thu.  opening  the  gap  b  and  breakrng  he 
primary  circuit  The  primary  current  then  ceases,  the  magnetism  di, 
appears,  h  is  pulled  back  by  the  spring  «,    nd   the  gap  b  is  aS  ct  Ld  atd 

tj:T^"""^'^  ^^T'"^'^  «"<=«  -ore.  The  same  cycle  of  operations  is 
repeated  again  and  again.  With  each  rise  of  the  current  magnetic  lin^  "f 
force  pass  through  the  core  t  t,  and  the  return  path,  spreadfng  outwa  df 
cuts  r  ore  or  le^  of  the  wires  forming  the  turns  of  the  Londa^-  coiT  In 
accoraance  with  Faraday's  general  law  (...  page  4. «)  W,  /.„;  o,  tSseSnd  irv 

7T.Ti  r  '"^""^  acm.  ,A"  Whilst  the  primary  current  is  growin-^ 
all  these  km.  k's  are  in  the  same  direction  in  the  wire  of  the  .oil  and  a  ^ 

^^rthelLtai :  M^r'^r  ^'^  ^'^  "'^""''"^^-  '-•°"  "'"^-^^^  °^  thousanas .: 

turns  the  total  k.  m.  k.  set  up  at  a  given  instant  by  the  growing  magnet- 
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safion  of  the  core  may  be  very  great.  Similar  k.  m.  k.'s,  but  in  the  opposite 
direction,  are  set  up  when  the  core  is  losing  its  magnetism  on  the  cessation  of 
the  primary  current. 

A  little  ct>nsideration  will  make  it  evident  that  the  tola'  'inpul>ive  vultage 
thriiwn  on  the  terminals  /  /  at  any  instant  depends  on  the  rapuiitv  with 
which  the  magnetism  of  T  T  is  built  up  or  removed.  One  of  the  effects  of 
the  condenser  c,  c,  is  to  increase  the  effect  at  the  breaking  and  to  diminish 
the  effect  at  the  closing  of  the  primary  circuit 

It  will  be  noticed  that  one  terminal  of  the  condenser  is  connected  to  h 
(through  T,)  and  the  other  to  h,  so  that  the  condenser  bridges  the  gap  ii  and 
is  short-circuited  when  tliis  gap  is  closed.  We  have  now  in  the  apparatus 
two  means  of  storing  electrical  energy  ;  when  the  battery  current  is  flowing 
in  the  primary  coil  magnetic  strain  energy  is  stored  in  the  iron  core  and  the 
surroaiuliiig  medium.  This  energy,  as  previously  explained  (sff  page  4^5)1  '* 
returned  to  the  circuit  by  the  action  of  self-induction  as  the  battery  current 
begins  to  diminish  in  the  initial  periods  of  the  break.  The  i'.  n.  across  the 
break  rapidly  rises  and,  in  the  ordinary  case,  the  whole  of  the  stored 
energy,  except  iuch  of  it  as  may  be  picked  up  inductively  and  used  in 
the  secondary  circuit,  wouKl  be  spent  in  a  vivid  spaik.  Tin;  condenser, 
the  other  storehouse  for  energy,  however,  is  at  hand,  and  as  the  P.  D. 
across  the  gap  rises,  some  of  the  energy  rushes  into  the  conJenser,  which 
•  ecomes  charged.  Two  eflfects  follow :  in  the  first  place  the  spark  is 
much  less  vivid  and  vicious  because  less  energy  is  available  for  its 
production  and  therefore  the  platinum  contacts  at  the  break  points  are 
preserved.  In  the  second  'lace,  because  of  the  rapid  transfer  of  its  stored 
magnetic  energy  to  the  .idenser  the  primary  current  is  more  quickly 
wiped  out  and  the  indui :  -e  effect  on  the  secondary  circuit  at  break 
is  increased. 

At  the  instant  when  the  break  is  complete  we  are  left  with  the  plates  of 
the  condenser  charged  to  a  high  p.  d.  But  although  the  gap  b  is  open  the 
terminals  of  the  condenser  are  still  connected  fay  conductors  through  the  coil 
p  I',  the  terminals  T,  Tj  and  the  battery.  The  condenser,  therefore,  immedi- 
ately begins  to  discharge  by  this  path,  and  in  doing  so  sends  a  current 
through  p  p  in  the  direction  opposite  to  that  in  which  the  battery  current 
flows.  Incidentally  we  may  remark  that  the  starting  of  this  current  tends  to 
increase  further  the  inductive  effect  at  break.  Suppose  now  the  gap  b  is 
closed,  by  the  swing  of  the  hammer,  before  this  discharge  current  dies  away. 
At  the  moment  of  closing  the  contact  there  ■ill  be  in  the  circuit  not  only 
the  battery  k.  m.  f.  but  also  the  back  k.  m  v.  of  self-induction,  due  to  the 
falling  discharge  current.  The  rise  of  the  current  in  the  circuit  will,  there- 
fore, not  be  so  rapid  as  it  would  be  if  the  battery  h.  m.  f.  were  acting  alone. 
Thus  the  rise  of  the  battery  current  is  retarded  by  the  action  of  the 
condenser,  and  the  iiiducli\e  elTt-Li  in  the  secondary  circuit  will  be  diminished 
twcause  it  depends  u^on  the  rate  of  change  of  the  magnetic  flux  through  the 


enough  to  rupture  the  dielertr.V       t„  .  H-lilom  rise  high 

more  vivid  than  the  resettsi^rk  ,t  nvZ  ""  ''''  *''"'  -'  ''"^'^    '^  '"-'' 

(«.';!^:^S"T';^^  tilt  tZ:T''  ^'t "-  ^-  '^  '^^^--^^ 

stands.  ^  *"''  ''"""-^    ^'^  ""  ^vhich  the  induction  coil 

conS™  .Sr^S^S-;;^^;-';^  '-  ^^^  >-^^  — .  ^r.,  of 
more  effective  than  the  N.eff  hamltr  .^'  7.  "V"'"  P^'^P"^^'-  're  much 
contact-breaker.     wJ^dSe  LT^L.The';:  tH" !::"''  °^  ^-trcmagnetic 
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is  ^.^^^^t^  th:'^j::,;t  ^^^^-'^^  "^^-^  •^^  -  "'^'--  -i,.  it 

the    primary    circuit    should    be 

caused  to  varj-.     In  the  induction 

coils  just  described  the  necessary 

variation  was  produced  by  inter- 
rupting the   circuit   of  a  voltaic 

battery,   thus    causing    pulsating 

but   still    unidirectional  currents 

to  flow  through  the  primary  coil. 
A  much  more  subtle  method 

of  producing  rapid  variations  in 

an  electric  current  is  by  the  use 

of    the    microphone    transmitter 

employed    in    telephony.      This 

instrument,    which    is    described 

fully     elsewhere,     when     sound 

waves   fall    upon   its  diaphragm, 

alters  the  resistance  of  the   electric  circuit    in   whi.;,  it   is  placed       Thi, 

circuit    contains   a  battery  of  constant  k.  m,   k.,  and  tl  c-rlre    bv  Ohm . 

law    when   the    resistance    is   changed    the    cur'rcnt   a   o   flue  date's      Fo 

gcK>d    transmission    it    is    frequently    desirable    that    the    low    vSage  „ 

the  battery  circuit  should  be  considerably  raised,  and  for  this  purnoL    ° 

induction  coil  is  invaluable  if  not  indispensable.      Vhe  form  o'  XTgu^red 

however,  is  very  simple..    For  the  rea.sons  just  given  no  cent;"    nXr  t 

necessary,  and  we  require  only  the  two  insul.i.d  copper  circS  wound  uL„ 

a  laminated  iron  core  a.  shown  in  F.g.  ..6.     lle.e'u.e  t^^      .mmals  p7 

wire    and  r?"'"7  ''"'  '■"""'^'"^  "'  -"I'-^tively  few  t.rnso    thic^* 
wire,  and  the  terminals  s,  s,   to  a  coil   of   higher   riistancc-  with  rn7r. 


P'«.  39fi.— Telephooe  Induction  CoS. 
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numerous  turns  nl  finer  wire.  Any  tluctuatiniis  of  vdugc  impressed  on  the 
termin.ils  r,  i-_,  will  lead  to  a  much  higher  nuctu.ition  »f  voiiagu  at  the 
terminals  j,  Sj. 

But  there  are  other  hiuhly  important  methods  of  p  oducinf;  variable 
currents  wiiiiii  m.iv  be  pa...^ed  through  the  primary  titcuits  <>f  induction  coils. 
During  the  last  thirty  years  tliere  has  been  developed  a  t\[»:  of  dynamo 
electric  machines,  known  as  alternators,  which  generate  continuously 
varying  currents  which  change  their  direction  many  times  in  a  second. 
Such  currents  starting  from  zero  rise  to  a  maximum  in,  say,  the  -tinth 
of  a  second,  sink  to  zero  again  in  the  next  jloth,  rise  to  a  maximum 
in  the  reverse  direction  in  the  next  jj^th  of  a  second,  and  sink  to  zero 
again  in  the  next  j^ath.  A  complete  and  continuous  cycle  of  changes 
is,  therefore,  gone  through  in  the  yogth  of  a  second,  and  these  changes 
can  be  repeated  over  and  over  again  for  any  length  ot  time.  Such 
currents  are,  therefore,  par  excellence  the  currents  with  which  to  feed 
the  primary  circuit  of  an  induction  coil,  for,  since  they  are  continually 
changing,  k.  m.  f.'s  will  be  continually  produced  in  the  secondary  circuit 
which,  if  a  closed  circuit,  will  be  continually  traversed  by  currents,  which 
must  obviously  change  as  often,  though  not  necessarily  at  the  ■^ame  instant,  as 
the  currents  in  the  primary  circuit.  These  induced  currents  are,  therefore, 
also  alternate  currents. 

The  general  equation  (see  page  426)  connecting  the  amperes  and  the 
volts  in  the  two  circuits,  viz. : — 

Kj  c,  =  Eg  Cj  (approximately), 

holds  in  this  case  also.  In  the  coils  hitherto  described  the  object  was  to 
obtain  from  the  comparatively  low  voltage  of  the  battery  a  much  higher 
voltage  capable  of  giving  physiological  and  other  high  voltage  effects. 
Though  it  was  quite  possible  to  work  the  other  way,*  no  useful  object  would 
be  served  by  placing  the  battery  in  the  circuit  of  the  coil  with  many  turns 
and  Using  the  coil  with  few  turns  as  t!.e  secondary  coil.  The  voltage  in  the 
secondary  would  then  have  been  much  lower  than  the  already  low  voltage  in 
the  primary.  In  other  words,  the  battery  induction  coils  were  always  used 
as  "  step-up ''  transformers.  With  the  advent  of  the  alternate  curreiit  and 
its  use  in  heavy  electrical  engineering,  the  uses  of  induciion  coils  were 
considerably  extended,  and,  as  we  shall  see  in  the  sequel,  cases  frequently 
arise  in  which   '  step-down  ''  as  well  as  "  step-up  "  transformers  are  required. 

Historical. — Although  the  use  of  induction  coil  transformers  had  been 
previously  suggested  by  others,  the  first  to  employ  them  on  an  engineering 
scale,  imiler  the  title  of  "secondary  generators,"  were  (iaulard  and  Gibbs 
in  188;,  wluii  several  stations  on  the  Metropolitan  Railway  in  London  were 
lighted  with  alternate  currents  from  the  secondary  circuits  of  the  coils.  The 
apparatus   is  shown    in    Fig.  307;     it   consisted    nt    sixteen    long   straight 

*  Whitwell  in  1866  {EUdrUian.  vol.  r.xviii.,  1891,  p-  130}  had  tried  a  "  step-down  "  experiment 


SKa•v/y^Ky  6V  .va  v  i /■,  .^v. 


4?S 


iliamcter,    in    six 
Rronps,  formed   tlie 
fine    wire    coil. 
Switches  for  making 
various    combina- 
tions of   the    thick 
and    fine    wire    cir- 
cuits were  piovidcd. 
The    e  X  p  e  r  i- 
nient.ll     install.ition 
of      Gaulard      .md 
Gibbs  was  not  very 
successful,    but    two 
or  three  year»         r 
there    was    a    rapid 
development      of 
electric  lighting   by 
alternate     currents, 
in    which     trans, 
formers    played    an 
important      part. 
Attention  was, 
therefore,     directed 
to     the     details    of 
their     design,     and 
many  new  patterns 
were     brought    out 
in    .1   comparatively 
short  space  of  time. 
Tlictransformers 
produced    fall     into 
two  general  classes, 
called     respectively 

"open-circuit  tran.fom.ers "  and  "dosed-circuit  transformer,"  The 
adjectives  refer  to  the  .nagnetic  and  n.^.tl...  dcctric  circuit.  In  the  first  cLsl 
or  '  open crcutt  transformers,  the  iron  core  was  straight  (or  near  v  ,"  as  n 
the  ....iuetion  coils  ah cady  de.nu  .1.  an,!  the  circuit  of  the  tnagnetic  flux  wl^ 
n:  hT'  ^  surrou„,,i„g  non  n.agnctic  tnedium  ( 'fh    1  etT, 

In  the  second  class  the  magnet.    f:ux  wa^  provided  with  a  circuit  con  isdng 
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at  complt^tely  as  possible  of  gi>od  mafrnelic  iron.  In  other  words,  the  circuit 
was  "  clittetl  "  through  good  magnctir  material.  A  fierce  controversy  raged 
for  some  time  between  the  advocates  of  the  two  classes  as  to  their  respective 
merits,  but  for  heavy  engineering  work  the  "  closed-circuit "  transformers  are 
now  exclusively  used.  We  propose  to  refer  to  the  points 
in  dispute  later,  and  shall  now  be  content  lo  describe 
two  or  three  of  the  transformers  produced  about  the 
titre  nnmcd  and  to  postpone  to  the  later  section  the 
liescription  of  some  of  the  transformer-,  now  in  use  for 
general  and  special  work. 

open  Circuit  Transformers. — In  a  Idition  to  the  Gaulard 
and  Gibbs'  transformer  already  dt  <n-ibed,  the  open- 
circuit  transformer  designed  by  Mr.  James  Swinburne, 
and  known  as  the  ''Hedgehog''  transformer,  was  at  one 
time  widely  used.  Fig.  398  shows  its  outward  appearance 
with  the  non-magnetic  case  removed.  Tlirough  the  centre 
passed  a  cross-shaped  gun-metal  casting,  spread  out  at  one 
end  to  form  the  legs  and  at  the  other  to  take  the  terminal 
board.  Four  b-indles  of  soft  iron  wire  were  put  into  the 
four  re-.esses  of  this  core,  and  the  end  of  the  wires  were 

spread  out,  giving  the  rough  prickly  appearance  shown  in  the  figure,  from 

which  the  transformer  was  named.     The  iron  wire  was  taped  over  and  the 

secondary  circuit  wound  on  it.     Then  two  layers  of  ebonite  were  slipped 

over  the-  secondary  circuit  and  the  primary  circuit  wound  outside  it  in  two 

compartnients    separated    by 

ebonite,  with  which  also  Jie  ter-        RTSI         M 

minul  flanges  were  faced.   The  ends    iP       ,  ,  m  wi         /ry 

of  both  circuits  carefully  insulated 

were    brought    out  at    the    top, 

and  the  whole  transformer  encased 

in  a  stoneware  jar,    in   which  no 

eddy  currents  could  be  formed,  and 

which  was  also  non-magnetic. 
Another    transformer    of    this 

type  was  the  "  Cable"  transformer 

of  Messrs.  Siemens  Brothers  and 

Co.,    shown    in    Fig.  390.       The 

cable  may  be  roughly  described  as 

a   submarine  cable   turned  inside 

out,   the   iron    being    inside   and 

the  copper   outsi(,\     The   core   consisted  of  wire  rope  made  of  soft  iron 

wire''  whirh  -were   covered   with   a  specially-prepared   insulating   material. 

Round  this  were  wound  the   two  conductors  of  copper  wire   which  were 

to  form  the  primary  and   secondary   circuits.     The  transformer  was  now 


Fig'  399  — Sieraeni'  Cable  Tramformer. 
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practically  complete.  It  could  be  used  either  l.ii.1  n.,t  straiRht,  or  suspended 
m  a  .....re  o,  e*s  horizontal  or  vertical  position.  ,„  it  could  be  coiled  ..p  and 
p«il  ...  ..  skeleton  fra.nc,  .,»  shown  in  the  h>.ure.  with  the  terminal,  of  the 
Ofcu.t.  placed  on  the  top.  The  ,  =o  horsepower  transforn.er  had  an 
rificiency  of  94  Per  cent  at  full  load,  n,  ..t  f,a!f.|n.d.  and  90  at  quarter-load. 
In  working  wuh  high  |x,iential»  it  i,  custo„,.,ry  to  immerse  the  trau^ 


» tnadcnm  for  Hi(h  FMoti:     'orth,. 
former  :n  an  insulating  oil  in  order  that    in  ii     „.      .     r 
th.ough  and  puncturing  the  sohd    nsuSio"   tt  ol  V^^'^  P"*'"* 

puncture  and  preserve  the  insulation  Mr  Teslain 7.  T'\''°'*'  '"""'^  '^* 
was  one  of  the  earliest  to  use  oil  as  an^Ln  ia  'iart  of  th  ''"'7'"'  "°''' 
,ra„.formcr.     His  transformer  wa.  also  of  ^  ^en'  c  .cL    tyi"^  ^'  I 

not  usH       ■  e„g,ncer.ng  work  it  will  be   co-Lnicu   to    e^^to  .i'l^f,' 
T  ..  .ugh  potential  transformer  is  shown  in  section  in  ViL  7<^ 
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The  thick  wire  or  primary  coil  v  c  w;is  wound  upon  a  wooden  mandrel 
W  in  two  sections,  the  four  ends  of  which  wee  led  out  tlirough  ebonite 
tubes  /  /.     Each   coil   consisted  of  four  l;iyer.s  of  24  turns  each,  insulated 

I  from    one    another   by   cotton 

I  cloth.    The  fine  wire  or  second- 

ary coil  s  s  was  also  wound  in 
two  sections  on  ebonite  bob- 
bins K  K,  each  consisting  of  a 
tube  T  T  yi  inches  internal 
diameter  and  012  inch  thick, 
with  flanges  k  k  <)'b  inches 
s-quare  and  V2  inches  apart. 
Best  puttapercha-covered  wire 
was  used,  and  each  coil  con- 
sisted of  26  layers  of  10  turns, 
also  separated  from  one  another 
by  cotton  cloth.  The  two  halves 
Were  wound  oppositely  and 
connected  in  series  and  the 
ends  led  out  through  the  thick 
ebonite  tubes  /,  /,.  To  pre- 
vent sparking  from  primary  to 
secondary  it  is  well  to  connect 
the  middle  point  of  the  latter 
with  the  former.  The  coils 
were  clamped  about  two  inches 
apart  by  wooden  clamps,  and 
fi.'red  with  wooden  supports  in 
a  wooden  box  b,  surrounded  by 
a  sheet  of  zinc  z  carefully  sol- 
dered all  round.  The  box  was 
filled  with  insulating  oil,  which, 
if  a  spark  should  pass,  closes 
up  again  and  restores  the  in- 
sul  ition. 

It  will   be  noticed   that,  in 
tliis  transformer,  not  only  is  the 
return    path    for   the  magnetic 
lines     through     non  -  magnetic 
material,    but    that    the   core   is    non-miiTiuiic   also.      In    fact    tne    trans- 
former   is   an   "ironless"    tran?forniir. 

Clnsfii  Cii.iiil  Ti/iiisf',rnn'rs.-~i\ir.n\.\y\  first  induction-coil  (Fig.  38;) 
\  as  a  tran^^.^rncr  of  this  class,  for  the  i!i,ii;iKtic  circuit  was  completed 
through  the  iron  of  lac  ling.      Coming  down  to  the  development  of  tlectric 
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lighting  with  alternate  currents,  referred  to  aN.ve,  one  of  the  transformers 
most  widely  u.ed  then  was  the  Murdcy  Ir.unturm.r,  nianufactu.al  by  the 
Brush  Electrical  Flngineerinjr  Company. 

In  this  transformer  (Fig.  401)  the  primary  alternate  current  was  led  in  at 
two  of  the  bmding  screws  shown  on  the  end  plate  of  the  apparatus,  and  the 
secondary  current  was  taken  ofT  from  the  other  two.  The  construction  of  the 
v'orking  parts  will  perhaps  be  better  understood  by  a  reference  to  Fig  40- 
which  represents  a  section  through  the  electric  and  magnetic  circuits  ,>cr' 
pendicidar  to  the  axis  of  the  transformer.  The  coils  of  copper  wire  k  n  and 
N  H,  shown  in  section,  were  first  wound  with  the  requisite  number  of  turni 

^  "  E'  8 


G  r  o 

lig.  v: — Mordcy'i  Tnnufomer  (Section). 

and  carefully  insulated  from  one  another.  Then  the  rectangle  a  b  r  n,  which 
consists  of  a  thin  piece  01  ir(Mi,  had  the  inner  re-etangie  v.  v  c,  11  stamped  out 
of  It  and  the  rectangular  piece  removed  from  tiie  opening  covered  on  one 
side  with  paper  fcr  in^ilation  A  sufficient  number  of  these  KuKe  and  small 
rectangles  were  then  threaded  alternately  over  and  through  the  ...ils,  and 
were  finally  ekniped  firmly  in  their  piaces  bv  the  merhanieal  arrangements 
which  are  shown  in  Fig.  401.  The  transformer  couUl  of  course  be  used  in 
any  position  which  was  convenient. 

The  following  figures  and  dimensions  ti''er  to  a  transforniei  di  3igii.;d  to 
transform  a  current  of  r;  amperes  at  1,000  volts  to  a  current  .  f  '7  ;  amperes 
at  40  volts.  The  primary  roil  consisted  of  300  turns  of  copper  wire  00*5 
inch   in  diameter,  with   a  resistance  of  10  olun, ;    the  second.iry  coil  had 


440 


F.r.F.ciRiciTV  IN  THE  Service  of  Mas. 


twelve  turns  of  25  wires,  each  012  inch  in  diameter,  joined  in  parallel.  Rivinj 
a  resistance  of  0014  olini.  The  weight  of  copper  used  was  rbout  5  lbs. 
in  the  primary  and  5^  Ihs.  in  the  secondary  coil,  and  the  weight  of  the  iron 
was  about  50  lbs.     The  transformer  was  20  inches  long,  6  inches  high,  and  4 

inches  wide,  and  had 
an  efficiency  of  97 -^ 
per  cent,  at  full  load. 
It  should  be  carefully 
noted  that  in  the 
example  given  the  thin 
wire  coil  was  used  as 
the  primary  and  the 
thick  wire  coil  as  the 
secondary.  The  in- 
duction coil  was,  in 
fact,  used  as  a  "  step- 
down  "  transformer. 

One  of  the  pioneer 
enterprises  in  the  dis- 
tribution     of     electric 
energy      by     alternate 
currents  was  the  great 
Deptford       station, 
erected    under    the 
guidance   of  Mr.   Fer- 
ranti    in    i8qo.       We 
shall  have  occasion  to 
allude    to    this  station 
again  ;     at    present    it 
will   be   interesting   to 
refer     to     the     trans- 
formers    used,     which 
were    called    upon    to 
withstand  higher  pres- 
sures  than    had    been 
anywhere  previously 
employed  in  engineer- 
ing    work.      These 
transformers,  as  well  at 
the    plant,    were   designed    by    Mr.   Ferrantt 


Fig.  404  — Ferranii  Trantfonner  (Side  View  and  Settioa). 


the    more    massive   parts    of 

The  general  type  is  illustrated  in  Figs.  40.;  and  404,  of  which  the 
former  sh<nvs  the  outside  .ippearance  as  seen  from  the  end,  and  the  latter 
is  a  side  view,  li.ilf  of  it  in  section  shewing  the  arramjtment  of  the  u.ils 
and  the  m.iguetic  circuit.      T'  .-•   nugnelic  circuit   consists   of   thin    band* 
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of  soft  hoop-iron  liu'uly  i„sulatcd  Iru.n  one  another;  those  were  fir^t 
arranged  ...  .tra.Kht  bundles  ar.d  the  cop,Kr  coil...  wound  o„  forn.er..  were 
hpped  over  thcn^  1  he  hoo,,-iron  was  the.  hcnt  over  as  at  x  (\'\.  ,04,  and 
the  e,ids  from  the  right  a.,d  left  brought  back  to  the  centre"  iJoth  top 
and   botto..,.  where  they   overlapped   and    were   clan.ped    tightly    together 

hLH^'p"^"'      *""  ^  '•  ''  ^''°^"  '"  ^''^-  ^^'-  -''«^^«  '^  ^^  -'^-  the  .ron 
bands.  Returning 

to    the    copper 

coils,  of  these  the 

thick    wire    coils 

I)  D  D  (Fig.  404) 

were  placed  iie.xt 

to     the     central 

core,  and  the  fine 

wire     coils    were 

wound     outside 

them.       All    the 

coils  were  wound 

in  small  sjction-, 

which  were  care 

fully     insulated 

from  one  another. 
Fig.  405  shows 

i  larger  Ferranti 
transformer  as 
used  in  the  sub- 
statio.is  in  Lon- 
don to  transform 
down  150  horse- 
power from 
10,000  to  2,400 
volts  for  the 
supply  of  a  cii 
cumscribed  area 
at  the  lattei  pres- 
sure. Inthistrans- 

former  the  high-pressure  coils  h  h  were  sandwiched  in  between  two  sets  l  l 
of  low-pressure  coils.  Kach  coil  was  made  of  copper  strip  separated  with 
vulcanised  fibre  and  overwound  with  shellac  cloth  and  vulcanised  fibre  A 
number  of  these  flat  coils  were  slipped  over  the  straight  lengths  of  hoop-iron 
as  already  described,  and  were  separated  from  one  another  bv  layers  ot  msu- 
at.ng  matenal.  The  coils  ot  each  set  were  connected  in'  series,  and  the 
low-pressure  coils  were  sep.ir.Ued  from  the  high  ,.,..u.e  ones  by  sheets  of 
ebonite  ana  by  an  a.r  space.       The  iron  bands  forn.mg  the  magnetic  circuit 
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were  bent  round  to  ovcrl.ip  as  shown,  and  there  were  air  spaces  of  half 
an  inili  iieiweeii  ailjaeciit  sets  of  bands.  When  in  use  the  transformer  was 
immt-rscil  in  insulating  oil,  which  diininislicil  the  risk  of  discharge  between 
the  high-pressure  coil  and  the  tranic  or  the  low-pressure  coil  ;  the  various 
spaces  provided  free  circulation  for  the  oil. 

Many  other  patterns  of  translorniers  were  produced  at  or  about  the  same 
time  as  those  selected  for  description,  but  the  examples  already  cited  will  be 
sufTicient  to  give  the  reader  a  preliminary  idea  of  the  great  variety  both  in 
form  and  size  adopted  by  designers  of  this  particular  piece  of  electrical 
apparatus.  And  this  is  not  surprising,  lor  the  theoretical  conditions  to  be 
lullilled  are  simplicity  itself.  All  that  is  wanted  is  two  conducting  electric 
circuits  traversed  hy  the  same  magnetic  circuit,  and  these  conditions  can  be 
satisfied  in  an  almost  infinite  number  of  wavs.  There  is  therefore  plenty 
of  scope  left  tor  si-  4^  inir  the  further  conditions  which  tend  in  the  direction 
ot  high  efficiency,  and  especially  the  absolutely  essential  condition  of  good 
insul.ition. 
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CHAPTER  Xn. 

THE    TELlit'UDXR. 

Wff  are  now  in  a  portion  to  resume  our  consideration  of  ttie 
application  of  the  maKnttic  cfTects  of  the  electric  current,  ami  we  select 
next  Kleitric  Telephony,  in  wliich  magneto  electric  induction  plavs  an 
miportaiit  part,  and  which  was  not  the  least  of  the  wonderful  electrical 
developments   of  the    last   decades  of  the  uineteenth  century. 

I. —  mSTORICAI,   NOTKS. 

Reis's  Telephone.— It  was  discovered    by    PaRe.    in    1837,    that    an 
iron    bar,  when    magnetised    and    demagnetised   at    short    intervals,   emits 

sounds;  and  on  the  basis 
of  this  experiment  Philip 
Reis  constructed  his  first 
electric  telephone,  or  ap- 
paratus  for  the  transmis- 
sion of  articulate  s{)eech 
to  a  distance  by  electrical 
means.  Philip  Keis  was 
born  on  the  7th  of  Jan- 
uary, i«34  ;  he  received 
a  good  elementary  educa- 
tion, and  entered  a  busi- 
ness-house when  sixteen 
years  of  age,  but  for  some 
years  devoted  his  leisure 
time  to  the  study  of 
mathematics,  chemistry, 
and  physics,  attending 
lectures  delivereil  at    the 


Fiu  406.— 1  cii's  Ti'lei 


commercial  institute.  He  lelt  business,  however,  and  entered  Dr.  I'.,ppe's 
establishment  ai  Frankfurt,  to  quality  himself  for  a  teacher.  The  first 
apparatus  made  by  Keis,  ace. aiding  to  Dr.  Messel,  consisted  of  a  iieer- 
barrei,  in  the  bung-hole  ot  which  a  small  cone  was  placed,  covered 
at  its  smaller  end  with  an  animal  membrane,  upon  which  a  small 
piatiuum    strip   or   wire    was    fastened     by    means    ot    sealing-wax.       The 
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receiver  consisted  of  a  violin,  upon  which  a  knitting-needle,  having  a 
coil  wound  round  it,  was  fastened.  The  transmitter  was  afterwards  made 
in  the  form  of  the  human  ear  (Fig.  4  t).  Here  the  platinum  wire  / 
was  fastened  to  the  membrane  M  by  means  of  sealing-wax,  and  a  platinum 
contact  L,  fixed  to  the  spring  r,  was  placed  opposite/.  A  screw  v  adjusted 
the  spring.  The  wires  p  p'  connected  the  apparatus  with  the  battery. 
When  sound-waves  made  the  membrane  M  vibrate,  the  circuit  p  /  L  r 
and  p'  was  made  when  /  and  l  touched  larh   other,  and  broken  when 
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they  parted.  A  later  modification  of  the  apparatus  is  shown  in  Fig.  407 
Tt  consists  of  three  parts,  a  (the  sender  or  transmitter),  b  (the  battery),  c 
(the  receiver).  These  three  portions  are  connected  with  each  other  by 
means  of  wires.  The  uoper  portion  of  a  is  shown  separately  at  D,  where 
m  m  K  the  tympanum  of  stretched  membr.me,  having  attached  to  it 
the  platinum  strip  s.  When  the  membrane  Mbrates,  lu  response  to  the 
impulses  of  sound,  this  elastic  strip  of  platinum  beats  to  and  fro  against 
a  tip  of  metal,  alie.i.ig  the  degree  of  contact  at  each  vibration.  The 
angular  piece  a  A,  which  carries  the  contact-tip,  is  made  of  brass,  and  dips 
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at  h  into  tho  mercury-cup.  to  wl,icl.  ilic  baitcrv  wire  is  bnuiRht  •  the 
receiver  c  consists  of  an  iron  needlf.  8?  inches  lung  and  oo»6  inch 
thick,  round  which  the  coil  m  is  wound.  The  rapid  niaKnctis.,ti„n  and 
demagnetisation  of  this  iron  wire  produced  sounds  having  the  same 
frequency,  and  therefore  t.,e  same  pitch,  as  the  note  sung  into  the 
transmitter.  Rcis  showed  ins  apparatus  for  the  first  time  to  the  I'hysical 
Society  of  Frankfurt  in  1861.  Much  has  been  s;ud  and  written  as  to 
whether  Reiss  telephone  was  capable  of  transmitting  words,  or  sounds 
only.  That  it  transmitted  words  is  proved  by  a  letter  which  Reis 
wrote  to  F.  J.  Pisko,  from  which  we  translate  the  following  extract  — 
The  apparatus  gives  whole  melotlies  in  any  part  of  the  scale  between 
C  and  c'  well,  and  I  assure  y^a,  if  y„u  will  erne  and  see  me  here,  I 
will  show  you  that  words  also  can  be  made  out."  Keis  was  xvell  aware 
ut  the  importance  of  his  invention,  which,  at  that  time,  was  treated  as  1 
toy.  He  remarked  to  Gamier  "  that  he  had  shown  to  the  world  a  road 
to  a  great  discovery,  but  left  it  to  others  to  follow  it  up."  Kcis  died 
in  1874. 

Although  th»  priority  of  the  German  inventor,  Philip  Reis,  cannot 
•5e  disputed,  Kei>'s  telephone  had  to  undergo  many  modifications  before 
jt  could  be  utihsed  for  practical  purposes.  S.  Yeates  (,86;),  Wright  (i86ci, 
C.  Varley  (iS-y),  c.  and  L.  Wray  (,876),  E.  Gray  (,874),"  Van  Der  VVeyde, 
and  Pollard  and  Gamier,  all  worked  at  the  problem  of  bringing  the 
telephone  into  a  practical  shape.  Pollard  and  Gamier,  and  later  Janssen 
devised  transmitters  in  which  the  microphone  was  Jmost  anticipated 
but  their  receivers  were  electrostatic  condensers.  Their  apparatus  will 
be  found  described  in  the  earner  editions  of  this  book. 

The  workers  who  were  ultimately  most  successful  were  Bell  in  America 
and  Hughes  m  t-, gland.  The  experiments  of  the  former  led  uo  i„  the 
invention  of  the  -nagiuto-recener,  whilst  those  of  the  latter  resulted  in 
the  microphone  transmitter  ;  the  ^arly  experiments  which  produced  these 
miportani   results  are  ..herefore  of  great  historical  interest 

Bell's  Early  Experimencs.-Mr.  Graham  Bell's  early  telephonic 
experiments  were  suggested  Ly  his  professional  work  as  a  teacher  of  the 
deal  and  dumb,  i,,  connectiun  with  which  he  came  to  Huston  in  1868 
Ihe  deaf  and  dumb  are  not,  as  a  rule,  unable  to  .peak  because  their 
organs  of  speech  are  defective,  but  because,  in  consequence  of  their  deaf- 
ness, they  cannot  hear  the  spoken  word,  and  consequently  cannot  imitate 
U;  It  IS,  therefore,  usual  to  teach  them  to  speak  through  other  aeenls 
than  the  ear.  For  the  further  development  of  this  method,  Graham  Bell 
and  his  father,  Alexander  Melville  Reli,  studied  the  mechanism  of  the 
voice.  Graham  Bell  produced  vowels  artificially  bv  means  of  tuning-forks 
and,  aided  by  Heimholtz's  investigations  (18C9-1862),  he  made  use  of  the 
electric  current  for  his  /.-x  peri  men  ts.  The  first  form  of  Hell's  telephone 
u  shown  in  Fig.  408.     A  reed  harmonica  h  h'  is  fastened    to    the  polet 
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of  the  ptTinanent    magnet    n   s,   and   bclwccn    11   ami    11'   a    coil   of  wire, 

surroundiiijj  a  soft  iron  core,  is  placed.  An  exactly  similar  in>tiiimcnt 
ii  torii;cd  of  a  second  permanent  magnet   it  s,  and  the  eiuls  ol  tlic    two 

coils  H  and  f  avu  con- 
nected either  t>y  two  lines 
or  by  one  line  wire  /  and 
the  earth  i.  i.'.  When 
any  one  of  the  reeds  h 
is  made  to  vihrate — that 
is  to  say,  to  approach  or 
recede  from  the  core  k — 
it  will  strengthen  and 
then  weaken  the  mag- 
netic lines  through  the 
core  H,  and,  as  a  conse- 
quence,  currents   will   he 

induced    in    the  coils   of  the  electro-magnet   h.      The  currents   will  flow 

through  the  coil  of  the  second  electro- tnagnet  1;  connected    by  means   of 

the   wire   /  and   the  earth-pl.itc.-    L   l'  with  the  first.     According  to  the 

laws   of  resonance,   one   of 

the  reeds  A  upon  the  per- 

tnanent  magnet  >.■  s  will  be 

attracted  and   repelled,    t.e. 

will  also  begin  to  vibrate  ; 

tor  the  impulses  which  the 

electro -magnet    e     receives 

are    exactly    the    sann;    as 

those  induced  m  e  through 

the   vibrating   of   the    reed 

which     has      been     struck. 

Further,  each  reed  can  only 

produce    that   vibration 

peculiar   to   it,  and  of   the 

reeds    in   /;   only   thai    one 

will  res{iond  to  the  im- 
pulses,    and     continue     to 

.ibrate,  whose  natural  rate 

of    vibration     -^.'icl       uses 

with  the   rate  of   vibrution 

of  the   reed  in  H.     If  each   leed  ot   H  be   struck    in  succession,  the  reeds 

in  A,    'liic^'  c^ve  in  uni    >n  \>itli  those  of  'i,  will  sound  in  succession;   and 

if  a    :ur,e   be   plumed    n.i    the   reeds   ot    11,    the   same   tune   will    be    heard 

from   t.        Wiih   accurately   tuned    reeds    -lie    transmission    will    be    perfect, 

but   the  i{r-.-»'.  CApei'-e  01  a  c<>inplele  pice  of  apparatus  of  this  kind  pre- 
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vent.-.!  Rcll  from  cl.vcl..,,,,,;;  ...ul  pf,kctii,«  it.     M„uov.,.  i,  is  o„lv  available 
for  U.0  tr.„.s,nis,„.n  of  musical  i,.,tcs  a<ul  .-..nno,  ir...,smit  articul.,tc  .,>*ech 

The  next  aj-paratus  thai  IWI  a.n.tnutol  is  >houn  in  Imr  4.,.  Tlic 
con«  r  haa  its  >inallcr  <.,k„,„^,  d..s<.l  by  means  „t  a  u"' l-lcaf  m  v!-  h 
wa5  connected  by  means  of  a  little  nui  with  the  arn..,.,,,.-  „  // o.'th - 
clectro-maRiier.  i:.  Hie  ome  r',  exactly  smnlar  to  the  !.r<t  »a'  titfc  I 
in  a  snnilar  manner  w.th  mein.irane  m'  an.l  electro-maK. c  k  r|,^.i, 
the  membrane  m,  excit' d  by  sound-waves  bejjan  to  vibrate.    1  „n..c 

which  vibrated  al..n«  with  it,  induced    undulating    currents    •,.        -    >  oili 
of  the  electromagnet  K,  which  caused  similar  vibrations  on  tnc  membrane 
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M  by  means  of  the  magnet  k',  and  its  armature  „'  h:  fUil  took  out  > 
patent  for  this  torm  of  apparatus  on  the  ,4th  of  .F;„n.arv,  ,  .-.  Inr  ,t 
.s  unhkely  that  articulate  speech  was  ever  satisfactorily  transn.itt'ea  w,>h 
tnts  arrangen.ent,  though  it  was  a  long  step  in  advance  of  the  Electr.c 
Harmomca  Later  ,n  the  san.e  year  Rell  brought  out  his  well-knou, 
magneto-telephone  whtch  even  a.  „s  early  forn'  practically  sd  ed  h 
problem.       I  his  instrument  w,-  .|ki!I  .Icscribe  presently 

Early    Microphone    Experiments. -before    dealing   with    Hughe.' 

notice.'*'™''"  -M^^'-i-'-'t^    hv    Kl.sha    (;ray   an.l     lierliner    deserve 

In  (iray's  telephone,  sh„wn   in   Kig.  4,0.  the    transmitter  ,n,d   receiver 
are  different.     Ihe  (ouner,  when  disturb.,!   by  the    nnpact  oi    :.-.e    sound 
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waves,  is  nrraiiRctl  to  vary  llie  riM>l.iiKc  >ii  a  Iviticrv  circuit.  It  consist* 
of  a  box  or  iiiniitlipiece  B,  the  lower  cm!  of  whicli  is  closed  by  a 
menibrune  m,  wliidi  curries  on  its  lower  side  a  metal  rod  /  in  line  with 
the  screw  t.  The  rod  /  pusses  into  a  vessel  g,  which  is  filled  with  a  badly 
coiiduclinR  li(|uid.  The  receiver  consists  of  the  vessel  n',  which  is  closed 
at  one  side  by  the  nunibrane  m'.  The  membrane  has  a  piece  of  soft 
iron  attached  to  it  in  the  middle,  and  opposite  to  this  is  placed  the 
electro-magnet  c  The  two  p.-^ts  of  the  apparatus  are  connected  with 
each  other  by  means  of  the  wire  /  and  the  earth-plates  I-  l',  and  are 
inserted  into  the  circuit  of  a  battery  v.  The  membrane,  which  is  made 
to  vibrate  by  speaking,  inserts  by  means  of  the  rod  /  more  or  less 
resistance  in  tlv  lircuit,  producing  pulsating  currents,  which  are  conveyed 
to  the  electro-magnet  of  the  receiver,  and  cause  the  membrane  m'  to 
vibrate  similarly  to  the  membrane  m. 

Fig.  411    represents    a    microphone    for    which    K.   Herliner,  of  Boston, 
took   out   a   pi'ent  on    the   7th   of    July,    1877.      The   apparatus   at    the 

receiving  and  send- 

_L  1 I. ^x  ,  ^.J_    ing  stations  is  simi- 

lar in  construction, 
and  each  consists  of 
a  battery,  an  induc- 
tion coil,  and  carbon 
contacts,  to  form  a 
microphone.       The 
secondary  wires   of  the    induction   cx)ils    j    j'  are   cf)nnected    by   the   con- 
ductors L  l'.      The  primary  coils   are   inserted   in  the   circuits   containing 
the  batteries  b  11',  and  the  carbon  co^^acts  s  s^* 

Hug'hes'  Microphone  Experiments.— We  turn  n^  to  the  important 

invest iji.itM  iris  of  Professor  D.  E.  Hughes,  which  he  made  known  to  the 
Royal  Societv  of  1  ondon  in  1878.  The  aim  of  his  investigations  was  to 
find  a  method  1  intering  the  resistance  of  an  electric  circuit  in  such  a 
manner  as  would  le  useful  for  the  electric  transmission  of  speech.  Any 
such  arrangement  he  called  a  mkt'.hhnnr,  a  vord  which  we  have  already 
used  in  this  sense.  In  one  set  ot  experiments  he  took  a  glass  tube  of 
about  three  inches  in  length  filled  with  bronze  powder,  and  closed  the 
ends  by  means  ol  retort  coke,  so  that  the  metal  powder  was  pressed 
gently  together.  The  wires  fastened  to  the  carbon  plugs  formed  a  closed 
circuit  with  a  battery  and  a  galvanometer.  When  a  pressure  or  pull  with 
both  hands  was  exerted  on  the  tube  the  galvanometer  needle  showed  a 
great  change  in  its  deflection.  The  tube  proved  convenient  for  producing 
a  simple  telephonic  appiraln-.  V1.1X  this  purpose  the  tube  was  placed 
upon  a  rcs"!iance  box  (Fig.  412),  the  plug  v  was  connected  with  a  battery 
B,  and  the  phi;;  .\  with  a  Hell  telephone  T.  Words  spoken  into  the 
resonance   box   could   be    heard   distinctly   in    the   telephone   T  placed   at 
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ff nuns'  .1/,,,,.,, 


ral  was  taken,  which   ( 
been    previously    \ 


various  distiiiKis.  Tin. 
»ame  resuh;,  were  oh- 
tained  when,  instead  <.t 
the  Rl.is,  tube,  a  rod  o( 
iharcoi  ■ 
had    b 

brought    to    white    heat      \ 
and  then  dipfH.-,!  in  nu-r-  ^, 
""y-       A     still     simpler   ^ 
arr.n^^'ement     tried       by 
Huglies    is    that    sliown 
in   Fig.  4 1  J.      It   consists 
of     two     wire    pins     or 
French  nails   plated  par- 
allel to  each  other,  and  a 
third     one     simply    laid 
across  them  ;   the  pins  x 
and   V  are  joined  in  the 
circuit.     In  this  arrange- 
niciit  Mie  contacts  of  the 
cross-pin    with    the    pins 
underneath    form    the 
changeable      resistance 
whi.h    brings    about    the 
micro|)!u>nic  cfTects. 

•M  1  c  ,  o  p  h  o  n  e  s  of 
greater  sensibility  are 
^hown    in  F,gs.  ^.^  ^„j 

■*''„.  ^P*^"  ''!«''  plattorni 
'>,  Fig.  414,  a  resonance 
board  is  fastened  verti- 
cally, and  made  to  carry 
two    carbon    blocks    cc 

between  which  the  carbon 
foa    A    is    loosely    held. 
1  he  wires  xy  are  fastened 
to  the  carbons  c  c     To 
experiment  with  this 
""crophone,   it  is   ,,|;,co.l 
upon  cotton-wool,  „r  upon 
two  pieces  of  indiarubbcr  ^ 
tubing.      The   wires  .v  ,  ► 
are    connected     with     a 
Bell    telephone,    and    a 
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MKROCOPV   HSOIUTION   TBT   CHART 

(ANSI  ond  ISO  TEST  CHART  No.  2) 


^     APPLIED  IM/1GE 


'653   Eaal   Uam    StrMt 

Rcchesier.   Ht*  ro'U         U609       us* 

(■6)   432  -  0300      Phone 

(^16)    288  -  5989  -  fo* 


^^o  Electricity  in  the  Service  of  Max. 

c  ,r.    »..,rv    T  p  1  iiichij    or    three    Daniell    cells. 

hatierv    consistinc    of    one    to    two    i^e  lani-m.    oi     •.■  ,    r  „  ^ 

Th     Orations  of  sound,  when   convey.  -  to  the  P-^,!    T^esist  nc« 
and  A  either  directly,  by  the  air,  or  through  the  board,  alter  the  resistancM 
at   th;se  points,   ani   so   strengthen   and   weaken   the   current   f  ernately 
t  every  pX     The  changes  of  current  affect  the  magnet  of  the  distant 
eephone    and    reproduce    the    vibrations  in   the   telephon.c  plate.    The 
n  tfumen't   i    so  sensitive  that  the   tramp  of  a  fly  walkmg  -cro^JJ^ 
TheTrd   through  the   telephone.     Words  spoken  even  ''^  ^'stance  o 
from  eight  to  ten  yards  from  the   microphone  are  d.stmctly  heard.      As 
he   efficiency    of  a   microphone    is  greatly  dependent  upon  the   kmd  ol 
con  act,  it  is'advantageous  to  make  the  latter  so  that  '^  "n  be  .egulated^ 
This    Hughes   brought    about,    in   the   manner   shown   m   Pig.  41 S-       »o 
Ic  rtaVnL  most  effective  position   of  the  two  -^^°- J^^Tof  t^c 
each  other    a  watch,  for  instance,  is  placed  upon  the  soundmg-box  of  the 
mSo^Lon;,   the  tic'king  is  observed  through  the  jf  P^^^  ^^^^^VaTc 
carbons  are  regulated  by  means  of  the   screws   until   the  best   effects  are 

°''Thet  experiments  of  Hughes  revealed  to  the  world  the  extreme  sim^ 
plicity  of  the  conditions  necessary  for  successful  m.crophon.c  action.  The 
£verer  applied  for  no  patent,  but  presented  the  ^^'^-^.J^-^^; 
his  contemporaries  ;  the  result  was  that  w.thm  a  short  time  many 
a  pliSns'of  modifications  embodied  in  more  or  less  -ta^e  m^^-^^ 
were  patented  Some  of  the  more  important  of  these  we  shall  describe 
7:r  dScuting  the  elemer.ary  principles  involved  in  the  electric  trans- 
mission  of  speech  to  a  distance. 

11.— THK    ELECTRIC   TRANSMISSION   OK  SPEECH. 

It  is  well  known  that  audible  sounds  are  transmitted  through  the  air 

from   the  source  to  the  hearer  by  means  of  disturbances  of  the  mtervcn- 

ng  air   particles,  these   disturbances  bJng   propagated  f--   °;-.  P^/'^ « 

to  another  in  a  series  of  waves.     That  the  air  is  necessary  for    he  trans- 

misskn!  is  proved  by  the  f.ict  that  sounds  cannot  be  propagated  aero «  a 

™n      Tie   place  of  the   air  may.  however,  be  taken  by  any  n.ateria^ 

body   lav.ng  tl-  requisite  elasticity,  and   a  very  old   form  of  mechanical 

leltpho;;  known  as  the  "lover's  telephone"   uses   a    ^-t-tched   str„,g  for 

he  purpose.     Each  end  of  the   string   is  fastened   to     he  middle  ol   the 

Zwuol^  cirdboard  box-for  instance,  a   pill-box  will   serve   adimrab  y 

Tiu    i     tl  c   string   be    stretched    ,n..deralely    taut   words  whispered    into 

~:  tox  ct  be  heard   distinctly  in  the  ..thcr,  though  the  string  be  .00 

°^  "n.^:\.^  Sir  cases  the  particles  of  the  ....aerial  body  or  nullum 
tru  sm.lling  the  sounds  a,e  capable  of  vibrating  in  obedience  to  the 
jmH-s  impressed  upon  them,  however   cor.plicated   those   impulses  may 
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I»e.  In  all  articulate  speech  the  sound  waves  are  of  an  exceedingly 
complicated  character,  so  much  so  that  the  more  the  complicated  character 
of  the  waves  is  examined  the  greater  appears  the  improbability  of  being 
able  to  reproduce  these  complicatiuns  in  an  electric  current.  One  of  the 
simplest  ways  of  examining  the  character  of  the  disturbances  which 
constitute  sound  is  to  experiment  with  thin  discs  of  various  materials. 
The  vibrations  of  thin  discs  under  the  influ- 
ence of  sounds  can  be  made  optically  visible 
in  many  ways.  One  method  is  to  stretch  an 
in  '  arubber  membrane  over  the  end  of  a  speak- 
ing-tube, with  a  small  mirror  cemented  in  the 
centre :  on  singing  into  the  tube  a  spot  of 
■  light  reflected  from  the  mirror  will  describe 
on  a  screen  the  most  extraordinary  figures, 
whilst  a  musical  note  gives  a  much  simpler 
disturbance  than  a  spoken  word. 

The  subject  of  the  vibrations  of  plates  was 
very  exhaustively  examined  by  Chladi:i  during  the  latter  part  of  the  i8th 
century.  In  one  series  of  experiments  he  used  the  simple  me..hod  of 
supporting  the  plate  to  be  examined  in  the  centre  with  its  plr.ne  hori- 
zontal and  sprinkling  fine  sand  upon  it.  Th?  plate  was  set  in  vibration 
by  drawing  a  violin   bow  across  its  edge   (P'ig.  4i(>).  when    the  sand   was 

.  throwr.     off      the 

>»  A  /- 

middle  of  the  vi- 
brating section* 
and  accumulated 
in  the  nodal  por- 
tions—  that  is, 
those  portions  in 
which  the  motion 
is  least.  According 
to  the  method 
adopted  for  setting 
the  plate  in  vibra- 
tion the  figures 
produced  are 
either  simple  or 
complicated.  Fig.  417  shows  the  sand  patterns  obtained  in  the  case  of  a  cir- 
cular plate  set  in  vibration  in  different  ways.  The  plain  cross  a  is  produced 
when  the  plaie  is  sou;idtng  its  fundamental  nute.  The  rr  re  complicated 
crosses  and  figures  are  produced  by  dilTerenl  methods  ui  starting  the 
vibrations  in  which  overtones  of  different  orders  .ire  produced.  Fig.  418 
gives  three  patterns  obtained  with  square  plates  ;  in  a  the  plate  is  giving 
its  fundamental  or  lowest  note,  ni  h  the  fifth  of  the  fundatncntal.  and  in  <• 
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still  higher  notes.  In  Fig.  4>Q  ^tiU  more  e.xtensive  cxpurnncnts  upon 
square  plates  are  illustrated.  In  this  figure  the  square  plate  ,s  shown  under 
no  fewer  than  70  different  vibrating  conditions.  The  patterns  on  the  lelt- 
hand  vertical  row  and  in  the  bottom  horizontal  row  are  all  mdependent ; 
the  other   patterns  are   produced  by  combining    two  of  these,  one  from 

each   series  ;    thus 

„  ''  ''" any  pattern  in  the 

remainder  of  the 
diagram  is  formed 
by  combining  the 
two  opposite  which 
it  appears.  All 
the  patterns  are- 
fairly  regular   and 

correspond  to  the  emission  of  musical  notes  by  the  plate,  some  of  these 
notes  being  of  high  pitch.  The  most  complicated  of  them,  howevei,  is 
simplicity  itself  as  compared  with  what  would  be  the  corresponding 
pattern,  if  it  could  be  produced  in  this  way,  which  would  be  given  by 
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Fig.  4i9.-ChUdni'f  riguret  for  a  Square  Plate. 


the  plate  when  vibrating  in  accordance  with  the  disturbances  set  up  by 

articulate  speech.  ,        ..       •  „j   „„„ 

A  still  more  beautiful  method  of  analysing  the  vibrations,  and  one 
applicable  to  articulate  speech,  consists  in  placing  across  the  end  of  a 
sj^king-tube  a  plate  pierced  by  a  hole  i  to  15  inch  in  diameter,  closed  by 
a  wap-fiUn.    On  singing  into  the  tube,  al!  the  vibrations  can  be  seen  in  the 
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film,  producing  the  most  iiitiicatc  and  complicated  tiRurfs,  which  change 
with  every  note.  Such  an  instrument  is  called  a  Phoneidoscope.  Its 
figures  may  be  readily  projected  upon  a  >creen  witli  the  aid  of  a  lantern,  or 
may  be  seen  with  the  naked  eye  in  the  lilm  itself,  and  give  a  vivid  idea  of 
the  complicated  vibrations  which  take  place  in  a  thin  plate  under  the 
influence  of  comparatively  simple  sounds. 

The  main  problem  in  the  electric  transmission  of  sound  is  either  to 
produce  a  varying  electric  current  whose  variations  shall  lollow  faithtully 
everj'  variation  of  the  most  complex  sound  or  to  impress  these  variations  upon 
an  already  existing  current.  Solutions  have  been  found  by  both  of  these 
methods.  In  the  first  case  the  currents  used  are  alternate  currents — that 
is,  they  are  being  continually  reversed,  being  alternately  in  one  direction  and 
in  the  opposite  direction.  The  alternations  are  not  simple,  however,  but 
must  partake  of  all  the  complexities  of  the  sound  waves.  In  the  second  case 
the  currents  used  are  pulsating  currents — that  is,  the  currents  are  all  in  one 
direction  and  never  reverse,  but  are  sometimes  stronger  and  sometimes 
weaker  than  the  average  or  mean  value.  Here  again,  however,  the  change* 
in  strength  must  follow  all  the  complexities  of  the  sound  waves  if  the 
transmission  is  to  be  successful.  If  represented  by  a  curve  in  which  the 
current  strength  is  plotted  vertically  and  the  time  intervals  are  plotted 
horizontally  the  curve  would  be  more  complex  than  a  corresponding  curve 
which  should  represent  the  varying  height,  above  some  arbitrary  datum  line, 
of  a  particle  of  water  on  the  surface  of  the  ocean  when  the  latter  is  being 
lashed  by  a  severe  storm. 

Now,  according  to  Ohm's  law,  there  are  two  distinct  ways  in  which 
an  electric  current  can  be  m..  !e  to  vary — (a)  by  varying  the  e.  m.  k.  and 
(b)  by  varying  the  resistance  in  the  circuit.  Bell  adopted  the  first  method, 
making  use  of  the  principles  of  magneto-electric  induction  (see  pages  445 
to  447)  to  generate  in  the  circuit  a  varying  E.  m.  f.  of  the  necessary 
complexity.  Under  the  conditions  this  e.  m.  f.  must  be  an  alternate  k.  m.  f., 
for  the  addition  of  magnetic  lines  to  a  circuit  cannot  be  carried  on  to 
an  infinite  extent,  and  there  must  be  a  reversal  sooner  or  later.  The 
currents  used  by  Bell  were  therefore  alternate  currents,  and,  as  we  shall 
see  presently,  his  instruments  are  reversible — that  is,  can  act  as  receivers 
as  well  as  transmitters. 

The  second  method  of  varying  the  current  by  altering  the  resistance 
in  the  circuit  is  made  use  of  in  the  microphone.  I*  gives  rise  to  pulsating 
currents,  since,  unless  a  current  is  already  in  the  circuit,  no  change  of 
resistance  can  generate  a  current.  This  method  is  irreversible— that  is, 
the  instrumenlb  can  only  act  as  transmitters  and  not  as  receivers. 
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in.— MAGNETO-TELEPHONES. 

Bell's  Telephone.— T  e   ultimate  form   which   Beil  gave  to  his  firsJ 
iiiccessful  telephone  is  shewn  in  Fig.  420.    A  well-magnetised  bar  magnet 

m  is  encased  in  a  wooden 
frame//,  and  its  end  sur- 
rounded by  a  fine  wire  coil 
h  b.  The  ends  of  the  coil 
are  soldered  to  thick  copper 
wires  d  rf,  which  terminate 
in  the  clamps  v  v.  The 
hollow  in  //  is  closed  by  an 
iron  disc  c  c  damped  in  its 
place  by  a  mouthpiece  e  of 
the  shape  shown.  The  distance  of  w  from  the  thin  iron  disc  c  c  can  be 
regulated  by  means  of  the  screw  shown  at  the  end  of  the  instrument 
between  the  terminals.  The  sheet  of  iron  has  that  side  which  can  be  seen 
from  e  coated  with  varnish  or  tin  to 
prevent  oxidisation  being  caused  by 
the  moisture  in  the  breath  of  the 
speaker.  The  diameter  and  length 
of  the  wire  for  the  coil  must  be  deter- 
mined by  the  resistance  which  exists 
in  the  remainder  of  the  circuit  of  the 
telephone.     The  instrument  acts  best 

when  the  magnet  is  powerful  and  the  turns  of  the  coil  are  numerous,  and 
when  the  iron  disc  is  placed  very  near  to  the  magnet.  This  distance 
has,  however,  to  be  arranged  so  that  the  disc,  even  in  its  most  violent 

vibrations,  does    no.:    come   m 
Lini-Mrt  contact  with  the  magnet.    For 

convenience  in  the  handling  of 
the  instrument,  the  clamps  v  v 
were,  as  a  rule,  covered  as 
shown  in  Fig.  421.  The  mouth- 
piece e  collects  and  concen- 
trates the  voice. 

Bcli's  telephone  may  be  used 
both  as  a  receiver  and  a  trans- 
mitter.   Fig.  422  represen* .  dia- 


FiR.  «J1.— Bell'i  TdephoBK 


FiR.  4«.-DiagTain  of  Trans ultter  and  Receiver. 


crammatically  two  Bell  telephones  which  are  exactly  alike,  each  ot  which 
may  be  used  either  as  a  receiver  or  as  a  transmitter  ;  b  h  represent  t.  e  coils, 
N  s  and  N'  s'  the  magnets,  and  e  e  the  speaking-funnels  with  the  iron  d.scs. 
The  t'lids  of  the  coils  are  connected  with  the  earth-plates  E  K  on  the  one 
tide  and  with  the  line  on  the  other. 
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In   order  to  make  clear  the  action  of  the  instriin.ent  as  a  transmitter, 
it  will  be  well  to  recapitulate  briefly  !iere,  in  a  sli^lilly  diflfercnt  form,  the 
principles  underlying  the  laws  of  magneto  electric  induction,  which  are  more 
fully  described  elsewhere  (page  416  etseq.).     When  a  conductor  forming  part 
of  a  closed  circuit  is  moved  across  the  lines  of  force  in  a  m;ignetic  field,  a 
current  of  electricity  is  generated  whose  strength  depends  upon  the  velocity 
of  motion  of  the  conductor  and  upon  the  intensity  of  the  magnetic  field. 
Conversely,  when  lines  of  force  are  projected  through  a  closed  conducting 
circuit  {see  Fig.  385)  a  current  of  electricity  is  generated  in  that  conductor, 
whose  strength  depends  upon  the  rate  of  change  of  those  lines  of  force.     In 
other  words,  when  a  closed  circuit  moves  in  a  magnetic  field  so  that  the 
number  of  lines  of  force  passing  through  the  circuit  is  altered,  then  an 
E.  M.  V.  is  generated  in  the  circuit  which  produces  a  corresponding  current  in 
the  circuit  ;    and,  conversely,  when  the  closed  circuit  is  stationary,  but  the 
field  either  moves  or  alters  its  form  so  that  the  number  of  lines  of  force 
projected  through  the  circuit  alters,  then  also  an  k.  m.  f.  and  consequently 
a  current  are  generated  in  the  circuit.     Tlie  direc- 
tion  of  the   current  is  given  by  Lenz'  law,  viz., 
that    the   current    produced   tends    to    resist    the 
motion  producing  it.     Faraday's  law  which  asserts 
that   the   form   and    duration   of    the    current    is 
dependent   upon    the    rate    and    duration   of    the 
motion  of  the    lines  of  force   is   the   principle  of 
the  magneto-telephone. 

Let  N  s  (Fig.  423)  be  a  permanent  magnet,  and 
a  b  z.  fixed  closed  conducting  ring  of  cojuier  wire 
around   one   pole  of   the  magnet.      Let  c   be    the    central    portion   of  a 
movable  iron  armature.      Now  if  we  regard  any  two  lines  of  force,  k  i  k  1, 
radiating  from  the    pole  N,  and   nearly  cutting   the   ring  a  h,  then,  as  we 
make  c  approach   or   recede  from    N,  those   lines   of  magnetic  force  will 
change  their  direction,  taking  up  position   2,  say,  when  the  plate  c  moves 
into  the   position  c.      With  each  change  of   direction  they  will   cut   the 
ring  a  b,  and  currents  of  electricity  in  different   directions  will   circulate 
through  a  b  according  to  the  direction  of  motion  of  the  lines  of  force  ;  and 
the  rate  of  in  :rease  and  decrease  of  the  number  of  the  lines  of  force  passing 
through  the  circuit   will   vary  directly  with   the   rate   of   motion   of  the 
armature  c  10  or  from  the  pole  n.    Thus  if  c  be  a  disc  if  iron  vibrating 
under  the  influence  of  sound,  the  excursions  to  and  fro  of  any  point  of 
the  disc,  though   very  small,  are   nevertheless   sufficient   to   produce   that 
motion  of  the  lines  of  force  which  results  in  currents.     It  bends  the  lines 
of  force  cutting  a  b,  and   thereby   produces  in  the  ring  a   h   undulating 
currents  of  electricity  whose  number  depends  on  the  number  of  vibrations, 
and    whose   form    and    intensity    depend    on    the   rate   and   amplilinle   of 
motion  of  the  disc  c 
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These  currents  are  alternating  and  very  rapid ;  that  the  motion  of  the 
disc  can  produce  currents  may  be  readily  shown  by  a  Thomson's  reflecting 
galvanometer,  when  the  disc  i>  gently  and  slowly  pressed  in  by  the  finger- 
in  one  direction  when  the  disc  is  pressed  in,  and  in  the  other  when  it  is 
allowed  to  spring  back  again. 

It  will  now  be  understood  that  when  the  sheet-iron  disc  ol  a  telephone  is 
made  to  vibrate  by  speaking  into  it,  the  position  of  the  sheet  as  regards 
the  magnet  will  be  continually  changing  ;  but  the  changes  between  magnet 
and  sheet  cause  corresponding  changes  in  the  magnetic  flux  in  the  medium 
surrounding  them.  The  magnet  is  surrounded  by  a  coil  h  (Fig.  422),  which 
is  connected  with  a  similar  coil  b'  in  the  same  circuit.  The  current  impulses 
produced  in  the  coil  h  through  the  altcr.ntion  of  the  magnetic  flux  of  N  s  (or 
rather  of  the  shape  of  the  lines  of  force  between  N  and  the  disc,  whereby 
a  larger  or  smaller  number  pass  through  h)  will,  therefore,  be  convey-d 
through  the  whole  circuit,  and  will  appear  at  the  receiving  stati 
the  coil  i'— hence  the  iron  sheet  at  the  receiving  station  will  vibrat .,  '■ 
as  a  matter  of  fact  copy  with  remarkable  fidelity  the  sound-waves  -.  t 
sending  station. 

It  is  usually  said,  as  above,  that  the  sounds  heard  in  the  receiver  are 
due  to  the  iron  sheet  being  set  in  vibration  by  the  variation  in  the  attraction 
upon  it  of  the  magnet  n  S.  That  some  of  the  action  may  be  thus 
explained  is  probable,  but  that  this  is  not  the  whole  explanation  is  proved 
by  the  tact  that  Reis'  knitting-needle  receiver  {see  page  444)  will  work, 
and  that  therefore  a  receiver  can  be  made  without  any  magnetic  diaphragm. 
These  and  other  experiments  tend  to  show  that  some  of  the  action,  if  not 
the  greater  part  of  it,  i->  molecular  and  not  molar  only. 

Numerous  attempts  were  made  to  improve  the  Bell  telephone  very 
shortly  after  its  invention.  Many  of  these  were  in  the  direction  of 
improving  the  magnetic  circuit,  more  particularly  by  using  double  pole 
instruments  in  which  only  a  short  portion  of  the  magnetic  circuit  lies 
through  non-magnetic  material.  The  magnet  in  the  original  Bell  telephone 
(Fig.  420)  is  a  simple  bar  magnet,  the  lines  of  which  have  a  comparatively 
long  return  path.  It  seemed  natural  to  suppose  that  with  a  more  perfect 
magnetic  circuit  better  efTects  would  be  secured.  There  is  certainly  some  im- 
provement, but  not  nearly  so  much  as  might  reasonably  have  been  e-.pected 
ill  view  of  the  above-described  theories  of  the  action  of  the  instn-.inent. 

Double  pole  instruments,  designed  by  Bell  himself,  by  Siemens,  by  Fein, 
and  others,  will  be  found  described  in  the  earlier  editions  of  th  s  book.  We 
select  for  description  here  two  forms,  each  of  which,  when  fitst  introduced, 
was  a  distinct  improvement  on  existing  forms.  They  will  be  sufljcient  for 
our  present  purpose,  which  is  mainly  historical. 

Gower's  telephone,  which  was  thought  highly  of  because  of  its  elTecis, 
which  were  considered  powetfu!  at  the  time,  is  shown  in  Fig.  424-  The 
horseshoe  magnet  n  o  s  was  bent  into  a  semicircle,  and  the  end  of  its  arms 
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were  bent  at  right  angles  to  the  plane  ot  the  inagiiot. 
in   this   manner   was   very   powerful,   and,   accoriling 
capable    of    carrying    a    weight    of    eleven    pounds, 
carried  the  oval-shaped  coils.     The  ends  of  the  coils 
clamps  that  were  fastened   to  the  imtsidc  of  the  met 
apparatus.     The  sheet  ol  iron  >•  was  larger  and  made 
than  was  generally  used  for  earlier  telephones.     The 
consisted  of  the  tube  rf,  bent  towards  the  iiun  sheet, 


The  magnet  formed 
to  Th.    du   Moncel, 

The  bent  portions 
were  connected  with 
al  box  enclosing  the 

of  stronger  material 

signalling  apparatus 
inside  which  a  small 


Fig.  42 1.  — Gower'i  Trlrphone. 


vibrating  tongue  was  placed  •  this  could  be  agitated  by  blowing  into  the 
flexible  tube,  through  the  mouthpiece  fastened  lo  the  back  of  the  case,  thus 
producing  a  loud  sound  close  to  the  disc  and  causing  the  latter  to  vibrate 

violently. 

Ader's  Telephone.— CI.  Ader  constructed  an  efTective  telephone  by 
making  use  of  the  principle  that  an  '■>n  plate  inserted  between  a  magnetic 
pole  and  its  armature  is  affected  ductively  as  if  it  formed  part  of  the 
armature.  The  more  massive  the  armature  the  more  readily  do  the  lines  of 
force  pass  through  it  in  preference  to  passing  through  the  air,  and  the 
interposed  ifLm  plate  increa-cs  the  effective  magnetic  mass  of  the  armature. 
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Now  in  the  Ader  telephone,  which  is  shown  in  pbn  and  elevatioit, 
and  also  ill  ^c•ctioll,  in  Fig.  425  the  circular-shaped  horseshoe  magnet  M  had 
the  coils  ss  surrounding  the  soft  iron  extensions  of  its  poles,  and  opposite  to 
these  the  iron  diaphu'in  m  m  was  placed.  A  ring  of  soft  iron  a  a  wa» 
placed  inside  the  niouiiipiece  of  tiie  tekphone,  so  as  to  form  an  additional 
»nd  comparatively  massive  armature  of  the  magnet.  The  thin  iron  sheet 
was  placed  between  the  magnet  poles  and  this  armature,  and  would  therefore 
be  exposed  to  strong  magnetic  influences.      In  fact,  the  lines  of  force,  which, 

if  the  massiv  -  iron  ring 
It  a  were  absent,  would 
many  of  them  stray 
across  through  the  air 
between  the  poles  of 
the  horseshoe  magnet 
without  entering  the 
plate  m  m  at  all,  were 
by  the  presence  of  this 
better  medium  drawn 
through  the  plate.  The 
magnetic  field  in  which 
the  plate  moves  thus 
becomes  much  more 
concentrated,  and  the 
fluctuations  produced 
in  this  field  by  the 
vibratory  r  ovements 
of  *he  plate  develop  in 
tin  coils  s  s  stronger 
currents  than  would  be 
prrjuced  without  the 
assistance  of  the  ring. 
Fig.  4J5.-  Ader'i  Teiephont.  Adcr  carcfuUy  Toundcd 

off  the  magnet,  and 
then  plated  it  with  nickel-silver  to  give  to  the  apparatus  a  neat  appearance 
aiui  a  convenient  form. 

Gray's  Telephone. — Just  as  it  has  been  attempted  to  increase  the 
efficiency  of  teleph.ones  by  increasing  the  number  of  magnets  or  magnet> 
poles,  so  also  several  vibrating  plates  independent  of  each  other  have 
been  used.  A  telephone  with  two  plates  was  constructed  by  Elisha 
Gray  ;  it  consisted,  as  shown  in  Fig.  426,  of  two  telephones  placed  at 
an  acute  angle.  The  horseshoe  magnet  n  m  s  had  cylindrical  pole-pieces 
A,  which  were  surrounded  by  the  coils  b  b.  Each  p. 'le-piece  had  a  sheet 
of  iron  opposite  to  it,  but  the  speaking-tube  e,  which  terminated  in  the 
tubes  a,  served  for    both    membranes. 


The   connection    of    the   coils  is 
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ihown  at  d;  L  L  is  the  lid  that  covered  the  disc.  The  idea  of  using 
double  nicnibraiies  has  been  revived  in  a  .ccent  very  successful  magneto- 
receiver. 

We  here  conclude  the  description  of  magneto-telephones,  especially  u  ■ 
comparison  of  many  iatei  inventions  with  Bell's  instrument  shows  no  note- 
worthy alteration,  and  very  little  improvement  ;  for  although  some  of  the 
instruments  described  surpass  Bell's  instrument  in  eflTect,  none  of  them  has 
surpassed  or  even  reached  the  soft  and  precise  accentuation  of  it.  Here,  at 
in  the  construction  of  many  machines,  new  constructions  are  frequently  made 

simply   to   obtain    new   patents,   without  -~ ' 

regard  to  improvement  of  effeci.  The 
efficiency  of  a  telephone  depends  less  upon 
the  insignificant  alterations  of  a  designer 
than  upon  the  careful  and  exact  work- 
manship with  which  the  parts  must  be 
fitted. 

IV. — MICROPHONE    TRANSMITTERS. 

Huerhes'    Experiments.— We    turn 

now  to  the  second  principal  method  of 
varying  a  current  in  a  circuit,  and  can- 
not do  better  than  preface  our  rettrcnces 
to  the  more  important  historical  forms 
of  microphone  transmitters  by  giving 
Professor  Hughes'  explanation  of  the 
action  of  the  wonderful  instrument  of 
which  he  was  the  inventor.  He  states 
the  problem  he  sought  to  solve  by  the  microphone  as  follows :  To  introduce 
into  an  electrical  circuit  an  electrical  resistance,  which  resistance  shall  vary  in 
exact  accord  with  sonorous  vibrations,  so  as  to  produce  an  undulatory  current 
of  electricity  from  a  constant  source,  wl;ose  wave-length,  height,  and  form 
shall  be  an  exact  representation  of  the  sonorous  waves.  In  the  microphone 
we  have  an  electric  conducting  material,  susceptible  of  being  influenced  by 
s-xiorous  vibrations  ;  and  thus  we  have  the  first  step  of  the  solution. 

The  second  step  is  one  of  great  importance,  and  was  solved  by  the  dis- 
covery that  when  an  electric  conductor  in  a  divided  state,  either  in  the  form 
of  powder,  filings,  or  surfaces,  is  put  under  a  certain  slight  pressure,  far  lest 
than  that  which  would  produce  cohesion,  but  more  than  would  allow  it  to  b* 
separated  b'  amorous  vibrations,  the  following  state  of  things  incurs :  The 
molecules  at  these  surfaces  being  in  a  comparatively  free  slate,  although 
electrically  joined,  do  of  themselves  so  arrange  thair  form,  their  number  in 
contact,  or  their  pressure,  that  the  increase  and  decrease  of  the  electrical 
resistance  of  the  circuit  is  altered  in  a  very  remarkable  manner,  and  to  an 
extent  that  is  almost  fabulous. 


Fig.  4.-6.— Gny'a  TiUflMM. 
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It  is  only  necessary  to  observe  certain  general  considerations  to  produce 
an  endless  variety,  each  having  a  special  range  of  resistance.  The  tramp  ot  a 
fly,  or  the  cry  of  an  insfct,  requires  little  range,  but  great  sen-it iveness ;  and 
two  surfaces,  therefore,  of  chosen  materials,  under  a  verv  slight  pressure,  such 
as  the  mere  weight  of  a  small  superposed  conductor  (Figs.  41a  and  413), 
suffice  ;  but  it  would  be  unsuitable  for  a  man's  voice,  as  the  vibrations 
produced  by  the  voice  would  be  too  powerful  for  the  instrument,  and  would, 
in  fact,  produce  interruption  of  contact  amounting  to  "  make  and  break." 

The  simplest  form  of  microphone  employed  hy  Professor  Hughes  in  his 
theoretical  investigations  consisted  of  a  flat  piece  of  charcoal,  008  inch  thick 
and  0'4  inch  square,  connected  with  a  copper  wire,  and  glued  to  a  board  or 
block  of  wood.  Upon  this  piece  one  or  more  similar  pieces  were  superposed, 
the  upper  piece  being  connected  with  a  wire.  The  required  pressure  wa» 
put  on  the  blocks.  Professor  Hughes  thus  reasoned  out  the  nature  of  the 
molecular  action : 

"  Let  the  lower  piece  be  called  a,  and  the  -ipper  b  ;  when  we  subject 
the   board   to  sonorous  vibrations  we   cannot  imagii;"  in  the  charcoal  an 
undulatory  movement  of  the  actual  wave-length  of  the  sonorous  wave,  for 
that  would  be  several  feet  ;  nor  can  we  imagine  a  wave  of  any  length  without 
admitting  that  the  force  must  be   transmitted   from  molecule  to  molecule 
throughout  the  entire  length.     How  b  it  that  the  molecular  action  at  the 
surfaces  of  a  and  11  so  vary  the  conductivity  or  electrical  resistance  as  to  throw 
it  intc-  'vaves  in  the  exact  form  of  the  sonorous  vibrations  ?     It  cannot  be 
because  it  throws  up  the  upper  portion,  making  an   intermittent  current, 
because  the  upper  portion  is  fastened  to  the  lower,  and  the  galvanometer 
does  not  indicate  any  interruption  of  current  whatever.     It  cannot  be  because 
the  molecules  arrange  themselves  in  stratified  lines,  becoming  more  or  less 
conductive,  as  then  surfaces  would  not  be  required,  that  is,  we  should  not 
require  discontinuity  between  the  blocks  a  and   b  ;   nor  would   the   upper 
surface  be  thrown  up  if  the  pressure  be  removed,  as  sand  is  on  a  vibrating 
glass.     The  throwing  up  of  this  upper  piece  b  when  pressu  c   is   removed 
proves  that  a  blow,  pressure,  or  upheaval  of  the  lower  portion  takes  place : 
that  this  takes  place  there  cannot  be  any  doubt,  as  the  surface  considered 
alone  (having  no  depth)  could  not  bodily  quit  its  mass.     In  tact,  there  must 
have  been  a  movement  to  a  certain  depth  ;  and  1  am  inclined  to  believe, 
from  numerous  experiments,  that  the  whole  block  increasts  and  diminishes 
in  size  at  all  points,  in  the  centre  as  well  as  the  surface,  exactly  in  accordance 
with  the  form  of  the  sonorous  wave.     Confining  our  attention,  however,  to 
points  on  a  and  b,  how  can  this  increased  molecular  size  or  form  produce  a 
change  in  the  electrical  waves?     This  may  happen  in  two  ways  :/?«/,  by 
increased  pressure  on  the  upper  surface,  due  to  its  enlargement  ;  or,  second, 
the  molecule?  themselves,  finding  a  certain  resistance  opposed  to  their  upward 
movement,  spiead  themselves,  making  innumerable  fresh  points  of  contact. 
Thus  an  undulatory  current  would  appear  to  be  produced  by  infinite  change 
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in  the  m  nber  of  fresh  contacts.  I  am  incliticd  to  beli«.«v  that  both  action* 
jt  the  latter  scctns  to  nne  the  true  explanation  ;  for  if  the  first  were 
le,  we  should  have  a  far  greater  effect  from  metal  powder,  carbon,  oi 
s«>n.c  elastic  conductor,  such  as  metaliscd  silk,  than  from  gold  or  other  hanl 
unoxtdisable  matter  ;  but  as  the  be  '  results  as  regards  the  human  voice  were 
obtaint  1  from  tv.-o  surfaces  of  so  i  gold,  I  am  inclined  to  view  with  more 
favour  the  idea  that  an  infinite  variety  of  fresh  contacts  brought  into  play  by 
the  molecular  pressure  aftords  the  true  explanation.  It  has  the  advantage  ol 
being  sur^ported  by  the  numerous  forms  of  microphone  I  have  constructed, 
in  all  of  which  I  can  fully  trace  the  effect. 

"  I  have  been  very  much  struck  by  the  great  mechanical  force  exerted  by 
thih  upi  ising  of  the  molecules  und»;r  sonorous  vibrations.  With  vibrations 
from  a  musical  box  2  feet  in  length,  I  found  that  one  ounce  of  lead  was  not 
sufficient  on  a  s^i-face  of  contact  '  of  an  inch  square  to  maintain  constant 
contact;  md  it  was  n\\y  by  re  ing  the  musical  box  to  a  distance  of 
several  feet  that  I  •  us  enabled  preserve  continuity  of  current  with  a 
moderate  pressure.  1  have  ;joken  to  forty  microphones  at  once,  and  they 
all  seem  to  respond  wi'-i  equal  force.  Of  course,  there  must  bt  a  loss  of 
energy  in  t'l.  conversif.  t  molecular  vibrations  into  electrical  waves ;  but 
it  is  so  sm.'  ■  lat  I  liav<;  never  been  able  to  measure  it  with  the  simple 
appliances  ai  :.iy  disposa".  I  have  examined  every  portion  of  my  room — 
wood,  stone,  metal,  in  fact  all  parts— and  even  a  piece  of  indiarubber :  i»ll 
were  in  molecular  movement  whenever  I  spoke.  As  yet  I  have  found  no 
such  insulator  for  sound  as  gutta-percha  is  for  electricity.  Caoutchouc  seems 
to  be  the  best ;  but  I  have  never  been  able  by  the  use  of  any  amoimt  at  my 
disposal  to  prevent  the  microphone  reporting  all  it  heard. 

"The  question  of  insulation  has  now  become  one  of  necessity,  as  the 
microphone  has  opened  to  us  a  world  of  sounds,  of  the  existence  of  which 
we  were  unaware.  If  we  can  insulate  the  instrument  so  as  to  direct  its 
powers  on  any  single  object,  as  on  a  moving  fly,  it  will  be  possible  to 
investigate  that  object  undisturbed  by  the  pandemonium  of  sounds  which 
at  present  the  micr'  ^hone  reveals  where  we  thought  complete  silence 
prevaUed. 

"  I  have  recently  made  the  foUowmg  curious  observation  :  A  microphone 
on  a  resonant  board  is  placed  in  a  battery  circuit  together  with  two 
telephones.  When  one  of  these  is  placed  on  the  resonant  board,  a 
continuous  sound  will  emanate  from  the  other.  The  sound  is  started  by 
the  vibration  which  is  imparted  to  the  board  when  the  telephone  is  placed 
on  it ;  this  impulse,  passing  through  the  microphone,  sets  both  telephone 
discs  in  motion  ;  and  the  instrument  on  the  board,  reacting  through  the 
microphone,  causes  .-\  continuous  sound  to  be  produced,  which  is  permanent 
so  long  as  the  independent  current  of  electricity  is  maintained  through  the 
microphone.  It  folio\  that  the  question  of  providing  a  relay  for  the  hunun 
voice  in  telephony  is  thu.  solved. 
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"The  transmission  of  sound  through  the  microphone  is  perfectly 
duplex  ;  for  if  two  correspondents  use  microphones  as  transmitters,  and 
telephones  as  receivers,  each  can  hear  the  other,  but  his  own  speech  is 
inaudible :  and  if  each  sing  a  different  note,  no  chord  is  heard.  Tha 
experiments  on  the  deaf  have  proved  that  they  can  be  made  to  hear  the 
tick  of  a  watch,  but  not,  as  yet,  human  speech  distinctly  ;  and  my  results 
in  this  direction  point  to  the  conclusion  that  we  only  hear  ourselves  speak 
through  the  bones  and  not  through  the  ears. 

"However  simple  the  microphone  may  appear  .n  first  glance,  it  has 
taken  me  many  months  of  unremitting  labour  and  study  to  bring  it  to  its 
present  state  through  the  numerous  forms,  each  suitable  for  a  special 
object." 

Professor  Hughes  throughout  his  investigations  used  a  Bell  telephone  as 
receiver,  and  it  was  owing  to  the  discovery  of  that  sensitive  instrument  that 
he  was  able  to  follow  up  his  researches. 

Simple  Microphone  Circuit.— It  wiU  be  gathered  from  the  above  and 

SCoMion  I.  StACion  e. 
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Fig.  4^7.— T^lephoM  Circoit  with  Microphone  Transmitten. 

from  what  we  have  previously  said  that  the  fundamental  principle  of  the 
microphone  is  the  variation  of  the  resistance  of  a  loose  contact  in  an  electric 
circuiU  In  the  sister  science  of  telegraphy— and,  indeed,  in  most  if  not  all 
other  applications  of  the  electric  current— such  loose  contacts  are  rigorously 
excluded,  and  may  be  described  as  the  bane  of  electricians.  The  old  proverb 
that  "  what  is  one  man's  meat  is  another  man's  poison  "  would  appear  to 
have  a  new  and  unexpected  application  here. 

The  connections  for  telephonic  communication  with  microphone  trans- 
mitters are  not  so  simple  as  those  we  have  depicted  in  Fig.  4:2  as  being  all 
that  are  necessary  when  magneto-telephones  are  used  both  as  transmitters 
and  receivers.  In  the  first  place,  it  is  necessary  to  supply  current  to  the 
microphones,  and  this  is  most  simply  done  by  having  a  small  local  battery 
B,  or  B,  (Fig.  427)  at  each  end  of  the  line.  Then,  again,  many  of  the 
microphones  in  use  have  a  very  low  resistance,  and,  remembering  that  the 
effect  desired  is  to  be  obtained  by  a  variatkn  only  of  this  resistance,  it  is 
obvious  that  if  the  remaining  resistance  of  the  circuit  be  large,  so  that  the 
whole  microphone  resistance  is  but  a  small  fraction  of  the  total  resisMnce, 
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the  variations  in  the  niicrophone,  be!"      Sut  a  sm.ill   fraction  ot   a   small 
fraction,  will  produce  only  an  infinitesinul  effect  upon  the  current.     Now, 
for  reasons  which  we  shall  develop  later  it  is  necessary  to  use  two  line  wires 
L   L  and  l'  l'   between  the   distant  places  in    telephonic    communication, 
the  earth  not  being  available  for  the  return  circuit  as  in  telegraphy.     If  the 
places,  therefore,  are  fairly  distant  the  resistance  of  the  line  wires  alone  must 
be  many  times  that  of  the  microphones,  and  therefore,  tor  the  reasons  just 
given,  they  should  not  be  included  in  the  microphone  circuit.     The  develop- 
ment of  the  microphone  as  a  practical   instrument  would   probably   have 
been  stopped  by  this  difficulty  had  it  not  been  lor  the  existence  and  pro- 
perties of  induction  coils  {see  page  433).     Let  such  a  coil  bj  wound  with 
two  circuits,  one  (the  primary)  f<,  p\  consisting  of  a  few  turns  of  tiiick  wire 
of  low  resistance,  and  the  other  (the  secondary)  j,  s\  of  many  turns  of  fine 
wire.    If  the  primary  coil  p,p\  be  now  put  in  circuit  with  the  microphone 
u,  and  the  battery  b„  the  variation  of  the   resistance  of  m,  when  spoken 
to  will  cause  pulsations   in   the  current  in  the   primary   coils,   and   these 
pulsations  will  set  up  v..  M.  k.'s  in  each  of  the  turns  of  the  secondary  coil. 
The  total  changes  of  pressure  at  the  terminals  j,  s\  will  therefore  be  many 
times  the  changes  of  p.  d.  at  the  terminals/,  /',.     These  k.  m.  f.'s  will  generate 
the  necessary  currents  through  the  circuit  of  the  line  wires  l  l  and  i.'  \1 
and  the  magneto-receivers  r,  r,.     The  figure  shows  diagrammatically  the 
two  distant  stations  i  and  2,  and  the  corresponding  points,  etc.,  at  the  two 
stations  are  designated  by  the  same  letters  with  these  numbers  attached. 
Switches  k,  k,  are  always,  in  practice,  inserted  in  the  niicrophone  circuit  so 
as  to  break  the  circuit  and  prevent  waste  of  energy  when  the  apparatus  is 
not  in  use.    These  switches  are  worked  automatically  by  hanging  up  the 
receivers,  an  operation  which  usually  breaks  the  battery  circuit. 

Early  Microphones* — Of  the  numerous  instruments  which  were 
invented  in  the  early  days  of  telephony  we  can  only  describe  a  few  typical 
ones,  which  we  hope,  however,  will  be  sufficient  to  indicate  the  main  lines 
along  which  development  has  taken  place. 

One  group  of  inventors,  whose  instruments  were  very  widely  used,  closely 
followed  one  of  Hughes'  original  experimental  instruments  (Fig.  414),  which 
we  have  already  described.  All  these  employ  carbon  rods  or  pencils  held 
loosely  between  carbon  blocks  fixed  upon  a  pine  board.  The  chief 
modifications  consisted  in  multiplying  the  number  of  carbon  rods,  which 
were  held  in  loose  contact  between  the  fixed  carbon  blocks,  and  in  arranging 
the  microphone  contacts  and  the  auxiliary  apparatus  in  a  convenient  form. 
The  best-known  were  designed  by  Crossley,  Ader  and  Gower.  All  three 
make  use  of  a  rectangular  strip  of  wood  as  a  resonance  board.  This  board, 
as  a  rule,  is  fastened  in  the  opening  of  a  strong  wooden  frame,  forming 
with  it  a  box,  shaped  in  Crosslcy's  instrument  (Fig.  428),  like  a  writing-desk, 
the  inside  of  which  contains  the  carbon  contacts.  These  consist  of  four 
carbon  rods,  which   rest   with  their  ends  upon  carbon  blocks,  as  shown ; 
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electrically    the    arrangement   is  two   in    series    and    two    parallel.      The 

connection  of  the  carbon  contacts  with  the  battery  is  brought  about  by 

metal  strips,  fastened  to  the  car- 
bon blocks.  Ader  arranges  eight 
or  ten  carbon  rods  (Fig.  429), 
being  five  rows  in  parallel,  each 
consisting  of  two  carbon  pencils 
in  scries.  Ader,  who  had  under- 
taken the  transmission  of  the 
opera-music  to  the  Palace  of  In- 
dustry during  the  Exhibition  in 
!  881,  placed  his  microphones  upon 
i»x  leaden  plates  p,  in  order  to  pre- 
♦l  vent  interruption  or  disturbance, 
by  footsteps  on  the  floor,  etc., 
of  the  music  transmitted  trom  the 
voice  ot  the  singer. 

The  next  form  of  carbon-r<:d 
transmitter  is  one  which  for 
many  years  was  the  standard  type 
of  transmitter  used  by  the  British 
Post  Office.  Tb-  microphone  is 
shown  in  Fig.  o,  represent- 
ing  the   cover    (partly    raised    to 

»how  the  inside),  which  is   placed   over  the  remainder   of  the   apparatus, 

arranged   on  a  horizontal  base.    The  form  of  microphone   is  one  origin- 
ally devised  by  Gower,  and  known  as  the 

Gower  -  Bell     transmitter,    but     its     details 

were  modified   and   improved   by  the    Post 

Office.      It    is,  obviously,   merely   a   special 

arrangement  o*^  Hughes'  original  microphone 

(Fig.  414),     and    consists    of    eight    carbon 

cylinders  or  pencils  mounted  at  the  back  of 

a  thin  pine-wood  board  7  inches  long  and 

44  inches  wide.    This  board  is  mounted  on 

a  substantial  wooden  frame  with  small  india- 
rubber  pads  interposed,  for  the   purpose  of 

intercepting  vibrations  to  which  the  body  of 

the  instrument  may  be  subjected.   Two  strips 

of  thin  copper,  c  c,  each  having  an  angular 

outline,  are  fixed  on  the  lower  side  of  the 

pine- board,  and  on  each  of  these  are  fastened 

four   carbon  buttons  by  means   of  little   brass   bolts  passing  through  the 

centre  of  each  button  and  through  the  diaphragm,  and  having  little  nuts 
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on  the  lower  or  inner  ends.  The  upper  ends  of  these  holts  protrude  right 
through  the  board,  so  as  to  prevent  it  being  used  as  a  desk  lor  writing 
purposes,  for  which  its  ^_— -tll^ 

slope  would  otherwise 
make  it  very  conveni- 
ent, with,  however,  the 
danger  of  a  probable 
dislocation  of  the  car- 
bon pencils  underneath. 
There  is  also  one  large 
central  carbon  button 
fixed  to  the  board  in 
the  same  way.  The 
carbon  pencils  are 
small  cylinders  with 
their  ends  turned  down 
to  fit  loosely  into  cir- 
cular holts  in  the  hut- 
tc>ns.  They  arearraiiged 
in  the  order  shown, 
^^■hich  maybe  described 
as  electrically  four  in  parallel  ai.d  two  in  series.     In  all,  there  are  sixteen 

niicriiphonic  contacts. 

The  copper  strijisc  c  arc  connected  by  wiies  to  two  substantial  pieces 

of  brass  K,  of  which  one  only  is 
shown  in  Fig.  430.  When  the 
cover  is  placed  in  position  on  the 
base  these  blocks  are  screwed 
tightly  to  angle-shaped  pieces  of 
brass,  making  good  electrical 
contact. 

Another  very  successful  class  of 
microphone  transmitters  is  one  in 
which  the  loose  contact  's  made  by 
a  piece  of  solid  carbon  suspended 
at  the  end  of  a  kind  of  pendulum 
which  is  set  so  that  the  carbon 
presses  lightly,  either  directly  or 
indirectly,  against  the  centre  of  a 
vertical  diaphragm.  Numerous 
examples  of  this   class   might   be   given  ;    we  select   two   for   our    present 

purpose.  . 

Fig.  4?!   represents   Berliner's   microphons    or   transmitter.      I  he   most 
important'^portion  of  the  apparatus,  viz.  the  variable  carbon  contact,  is  formei 
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by  the  two  carbon  pieces  a  and  *;  the  former  is  fastened  in  the  middle  of  the 
thin  iron  disc,  which  is  attached  to  the  door  of  the  microphone  ;  the  second 
is  placed  at  c,  in  the  catch,  which  is  liung  from  the  movable  arm  d.  The 
contact  of  the  two  carbon  pieces  is  brought  about  by  the  weight  of  the  carbon 
piece  *.  The  support  d  serves  also  to  maintain  the  iron  disc  in  its  position 
when  the  lid  is  opened.  When  in  use,  the  poles  of  this  sender  /i  and  />, 
are  connected  with  the  poles  of  a  battery  (usually  a  Leclanche  cell) ;  the 

current  then  flows  from  clamp  p^  through  the 
metal  piece  k,  to  d  and  c,  and  so  to  the  carbon 
pieces  b  and  a;  thence  it  returns  through  the 
spring/',  the  screw  v,  through  the  primary  coil  of 
the  induction  coil  f,  thence  to  the  clamp /j,  and  so 
back  again  to  the  battery.  The  clamps  p.^  and  p^ 
hold  the  wires  of  the  secondary  coils,  and  are 
connected  with  the  line.  If  the  iron  disc  is  made 
to  vibrate  by  sound-waves,  the  two  carbon  piece* 
a  and  b  will  also  vibrate,  causing  those  alterations 
of  resistance  which  make  the  battery  current 
pulsating. 

Blake's  microphone,  which  belongs  to  this  class. 
has  been  widely  used  and  has  done  excellent  work 
in  this  country.  It  differs  from  most  of  the  other* 
of  the  same  class,  in  the  fact  that  none  of  the 
contact-pieces  are  fastened  to  the  membrane,  thu^ 
preventing  disturbances  due  to  contraction  or 
expansion  of  the  membrane.  The  iron  sheet  M  m 
is  placed  opposite  b  (Fig.  432/,  between  pads  of 
indiarubber  tubing.  One  of  the  contact-pieces, 
consistingof  a  small  platinum  cylinder/,  is  fastened 
to  the  spring/  which  presses  it  against  the  second 
Tig.  4 ■■■  -Biakei Microphoos.^  contact-piece  J  3  carbon  disc  (shown  in  the  figure 
as  a  black  rectangle)  is  set  in  the  metal  piece  m,  and  carried  by  the  spring  k, 
which  presses  both  carbon  and  platinum  cyhnder  against  the  iron  disc.  The 
contact  is  regulated  in  the  following  manner :— The  spring  f  is  fastened  to 
the  plate  w,  which  is  again  held  by  the  heavy  spring  f',  which  is  «crew: '  ^> 
the  .ixed  clamp  a.  The  screw  s  presses  against  the  inclined  plane  of  w,  and. 
by  being  turned  in  one  or  the  other  direction,  effects  the  regulation.  Blake's 
transmitter  was,  as  a  rule,  used  with  a  Leclanche  element.  The  current 
passed  as  follows  :  Through  the  terminal  k  into  the  primary  wire  of  the 
induction  coil  j,  through  the  spring/,  which  was  insulated  from  w,  into  the 
platinum  cylinder  p,  through  the  carbon  at  m  into  F,  through  w  to  S,  and 
then  back  to  the  battery. 

The   third    class    of    microphones   to   which    we   shall    refer    is   distin- 
guished from  the  others  by  using  as  the  loose  contact   a  disc  of  hari 
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carbon,  similar  to  those  employed  by  Hughes  in  some  of  the  experiments 
described  on  page  449.  This  disc  is  held  between  two  flat  metal  elec- 
trodes of  about  the  same  diameter  as  the  disc,  and  the  apparatus  is  so 
arranged  that  the  pressure  of  the  electrodes  on  the  disc  is  varied  by  the 
sonorous  vibrations. 

The  early  microphones  of  Edison  belong  to  this  class,  one  of  the  earliest 
forms  being  represented  in  Fig.  433.  The  case  of  the  transmitter  consists  of 
metal,  and  has  an  ordinaiy  speaking-funnel,  opposite  to  which  is  placed  the 
membrane  d.  Behind  the  membrane  is  fastened  a  metal  plate,  upon  which 
the  carbon  disc  c  rests.  This  disc  is  held  in  position  by  an  ebonite  riii^;. 
The  surface  of  the  carbon  disc  nearest  to  the  membrane  bears  a  platinum 
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plate  p,  upon  which  the  glass  disc  o  is  glued.  This  is  connected  with  the 
membrane  by  the  aluminium  knob  a,  so  that  the  vibrations  of  the  mem- 
brane can  be  transmitted  to  the  carbon  c,  and  expose  it  to  a  pressure 
corresponding  to  the  vibrations.  A  battery  current  sent  through  the  carbon 
will  therefore  be  converted  into  a  pulsating  current  owing  to  the  changes  of 
pressure.  When  the  plate  D  presses  against  the  carbon,  in  consequence  of 
the  first  or  forward  phase  of  its  vibrations,  the  resistance  of  the  carbon 
becomes  less,  and  therefore  the  battery  current  flowing  through  it  becomes 
s'lronger.  The  strength  of  the  current  diminishes  when  the  pressure  upon 
the  carbon  diminishes,  by  the  return  or  second  phase  of  the  vibration  of  the 
plate,  but  a  current  of  a  certain  fixed  strength  passes  through  the  carbon  when 
no  additional  pressure  at  all  is  exerted  upon  it,  that  is  to  say,  when  the 
plate  or  membrane  is  at  rest.    The  current  is  conveyed  through  the  carboa 
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toy  having  one  of  the  battery  wires  connected  with  the  metal  case  of  tne 
telephone,  and  the  other  with  the  platinum  plate  p. 

Another  design  of  Edison's  is  shown  in  Fig.  434-  The  centre  carbon 
disc  k  is  placed  between  two  platinum  plates  in  a  kmd  of  box  o  ».  The  mdia- 
rubber  tube  ^  is  placed  between  the  membrane  c  c  and  an  ivory  disc,  which 
rests  upon  the  upper  platinum  plate.  Each  of  the  platinum  plates  has  a 
c'amp  for  the  wires.  The  vibrations  of  the  membrane  are  transmitted  by 
fi.eans  of  the  tube  and  ivory  plate  to  the  upper  platinum  plate,  and  thence  to 
tlie  carbon.  The  screw  at  the  end  of  the  case  serves  to  regulate  the  micro- 
phone. ,  .  ,  , 

The  fourth  and  last  general  clas-  of  microphones  which  we  select  contains 
all  those  instruments  in  which  the  carbon  is  m  the 
form  of  dust-free  granules,  filling  a  suitable  bo.x  or 
cavity  with  suitable  electrodes  liable  to  be  disturbed 
by  the  sonorous  vibrations.  They  are  now  very 
widely  used,  especially  for  long-distance  working. 
The  first  instrument  of  this  class  was  the  Running's 
transmitter,  invented  in  1878,  by  an  English  clergy- 
man. It  is  shown  in  Fig.  43J,  and  consists  of  a 
small  chamber,  about  2^  inches  in  diameter,  hollowed 
out  of  a  block  of  wood.  In  the  bottom  of  this 
chamber  there  is  fixed  a  plate  b  of  carbon  or  platinum 
Fig.  ,3-  -Hunning'i  elcctrically  connected  to  the  binding  screw  c.  The 
^"""""'"'  chamber,  which  is  now  not  more  than  J  inch  deep,  is 

filled  loosely  with  granulated  carbon  particles,  free  from  dust,  on  the  top  of 
uhich  a  platinum  foil  diaphragm  d  is  placed  and  connected  electrically  with 
t'le  other  binding  screw  c.  The  diaphragm  is  kept  in  its  place  by  a  metal 
r  ng  A  A  which  is  firmly  clamped  down  by  the  mouthpiece;  a  protecting 
,  iece  of  wide  gauze  is  stretched  across  the  bottom  of  the  mouthpiece.  The 
tiids  of  the  battery  circuit  are  connected  to  c  and  c',  and  the  current  in 
iMssing  from  one  electrode  to  the  other  passes  through  the  granules  of  carbon. 
The  numerous  contact  points  between  these  granules  are  disturbed  when 
sonorous  vibrations  fall  on  the  front  diaphragm,  and  these  disturbances  alter 
ilie  resistance  of  the  circuit. 

Some  of  the  descendants  of  the  Running's  transmitter  will  be  described  in 
the  later  section.  There  are  amongst  them  some  ot  the  most  widely- 
ined  transmitters  of  the  present  day. 

The  successful  working  of  a  telephone  system  of  wide  extent,  to  which 
lundredsor  even  thousands  of  correspondents  may  be  connected,  certainly 
depends  in  great  measure  upon  the  perfection  of  the  wonderful  instruments, 
1  he  transmitters  and  receivers,  that  we  have  been  describing,  since  without 
them  no  amount  of  ingenuity  exercised  upon  other  details  would  be  of  any 
avail.  But  there  is  no  doubt  that,  given  good  working  transmitters  and 
receivers,  no  large  system  can  be  successfully  brought  into  operation  and 
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maintained  without  the  most  careful  attention  to  the  design  and  working 
conditions  of  almost  innumerable  details  in  the  lines,  switchboards,  and  other 
necessary  accessories.  And  even  scientific  perfection  in  these  docs  not 
necessarily  mean  commercial  success,  for  to  attain  the  itter  further  con- 
ditions of  economy  of  capital  expenditure  and  up-keep,  quickness  ni  connect- 
ing subscribers,  and  numerous  other  points  have  to  be  kept  in  view. 

Most  of  these  things,  however,  with  perhaps  the  exception  of  anti- 
induction  devices  and  long-distance  working,  are  .ratters  chiefly  of  technical 
interest,  and  we  therefore  propose  to  leave  their  consideration  to  the  second 
part  of  this  book,  for  it  is  not  possible  to  discuss  further  the  scisntilic 
principles  involved  without  some  reference  to  such  technical  dctaiK. 
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CHAPTER  Xin. 

THE  DYNAMICAL    OR  MAGNETIC  PRODUCTION  OF  THE 
ELECTRIC    CURRENT. 

Although  Telephony  is  a  subject  the  importance  of  which  cannot  be  over- 
rated, and  whose  development  is  effecting  a  profound  social  revolution  in 
many  parts  of  the  civilised  world,  another  application  of  the  principles  of 
magneto-electric  induction  discovered  by  Faraday,  in  1 8;, i,  has,  for  at  least 
the  last  forty  years,  attracted  the  attention  of  "  the  man  in  the  street "  more 
fully,  perhaps  by  reason  of  the  brilliancy  of  the  effects  which  are  produced  by 
its  aid.  The  economical  production  of  electric  currents  of  a  magnitude 
unareamt  of  by  the  philosophers  of  the  middle  of  the  nineteenth  century 
has  made  possible  achievements  which  canpot  but  arrest  the  attention  of 
every  thoughtful  man.  They  have  placed  in  the  hands  of  the  engineer  a  new 
and  powerful  weapon  in  his  ever  extending  adaptations  of  natural  forces  to 
the  service  of  man,  whilst  they  have  given  to  the  philosopher  new  powers  of 
investigation  and  experiment,  which  are  even  now  profoundly  modifying  our 
conceptions  of  many  natural  laws.  It  is  the  history  of  this  development  and 
some  of  the  simpler  principles  underlying  the  design,  construction,  and 
working  of  the  machines  evolved  that  will  be  dealt  with  in  the  pages 
immediately  following. 

I. — EARLY   HISTORY   OF    CONTINUOUS  CURRENT    DYNAMO   MACHINES. 

The  modern  name  for  machines  which  convert  mechanical  or  dynamical 
energy  into  electrical  energy  by  taking  advantage  of  the  laws  of  magneto- 
electric  induction,  discovered  by  Faraday,  is  Dynamo  Electric  Machines,  or 
more  shortly  DynamOS,  and  it  may  sometimes  be  convenient  for  us  to 
apply  the  modern  term  to  machines  constructed  before  it  had  come 
into  use. 

The  first  dynamo,  excluding  some  experimental  pieces  of  apparatus  con- 
structed by  Faraday  himself  {see  page  482),  was  designed  and  made  by  Pixii 
as  early  as  September,  1832,  and  was  very  soon  improved  by  Ritchie,  Saxton, 
and  Clarke.  It  W3s  probably  preceded  by  a  machine  that  never  came  into 
practical  use,  the  description  of  which  was  given  in  a  letter,  signed  "  P.  M.'' 
and  directed  to  Faraday,  published  in  the  Philosophical  Magazine  of  2nd 
August,  i8?2.  We  learn  from  this  description  that  the  essential  parts 
of  this  machine  were  >ix  liorse-shoe  magnets  attached  to  a  disc,  which 
rotated  in  front  of  six  coils  of  wire  wound  on  bobbins.      The  principle  of 
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Pixii's  machine  will  be  understood  from  Fig.  436,  in  which  s  N  is  a  powerful 
•teel  magnet  made  to  rotate  under  the  fixed  soft  iron  cores  a  b.  The 
rotation  of  s  N  causes  currents  to  be  induced  that  change  twice  in  each 
complete  revolution,  viz.,  when  s  is  opposite  A,  and  x  opposite  a,  and  when  S 
i»  opnosi*"  a,  and  N  opposite  b. 

We  may  trace  the  efTect  produced  by  means  of  the  laws  of  magneto- 
electric  induction  developed  in  the  preceding  pages.  The  mass  of  soft 
iron  a  b  becomes  magnetised  by  induction  as  s  n  approaches  it,  so  that 
its  north  pole  is  nearest  s,  and  south  pole  nearest  n.  The  effect  is  therefore 
the  srme  as  would  arise  on  the  sudden  introduction  of  a  magnet  into  the 
coils  surrounding  a  b.  The  sudden  appearance  of  this  magnet  in  the  coils 
would,  as  we  have  seen,  induce  a  current  in  the  wire  forming  the  coiU 
in   the   direction   indicated    by   the    arrows  " 

alongside  the  wires,  this  direction  being  such 
as  to  tend  to  magnetise  the  cores  a  b  oppo- 
sitely to  the  magnetisation  produced  by  s  N. 
The  current  is  clockwise  on  the  b  limb  and 
counter-clockwise  on  the  a  limb,  but  in  the  J^ 
wire  both  currents  flow  from  /  towards  /. 
As  the  magnet  continues  tr>  move,  s  leaves 
b  and  approaches  </,  while  N   leaves  a  and 
approaches  b.     If  we  now  follow  the  direc- 
tions of  the  currents,  we  find  that  they  flow 
in   exactly  opposite    directions   to   those   in 
which    they    flowed    during    the    previous 
motion,  for  now  the  magnetism  of  the  cores 
is  being  first  diminished  and  then  reversed 
and   increased    in   the    opposite    sense.      It 
follows    that   the   directions  of  the  induced 
currents  must  change  twice  in  the  coil  for  every  revolution  of  the  magnet, 
namely,  whenever  the  magn- 1  s  n  passes  the  face  of  the  cores  a  h. 

The  result  is  in  accordaiKc  uith  Lenz'  law  :  that  is  to  say,  the  induced 
currents  in  the  coil  are  such  as  will  resist  the  motion.  As  s  approaches 
a,  then,  the  pole  due  to  the  current  in  the  coil  at  a  must  repel  s,  and 
must  therefore  be  a  similar  pole  to  s  ;  but  as  s  leaves  a,  th?  pole  of 
the  coil  at  a  must  attract  s  to  resist  the  motion,  and  must  therefore 
be  a  dissimilar  pole.  This  gives  in  a  currents  clockwise  as  s  approaches, 
counter-clockwise  as  s  recedes  and  n  approaches. 

Pixii's  CommutatOP.— As  the  continued  alterations  in  the  direction 
^f  the  currents  might  be  inconvenient  for  many  purposes,  Pixii  added  a  coni- 
mutator  to  this  machine,  which  caused  the  currents  in  the  outer  circuit 
to  flow  in  one  and  the  same  direction.  Fig.  437  represents  the  plan  of  the 
commutator.  The  axis  of  rotation  of  the  horse-shoe  magnet  carries  a 
cylinder  made  of  insulating  material  fitting  into  a  hollow  cylinder  of  metal, 
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irregularly  divided  by  an  insulating  layer  into  two  parts  m,  and  M.j.     Two 
inetai   springs  k,  and  F,  conduct   the  induced  currents  of  the  coils  c  intu 

the  commutator.  Two  other  springs  /,  and  i\ 
conduct  the  currents  from  the  commutator  into 
the  outer  circuit  S.  During  rot.ition  the  four 
springs  slide  along  the  surface  of  die  cylinder. 
Observe  that  f,  and  f.^  always  slide  over  the 
same  portion  of  the  cylinder,  whilst  /i  and /i 
have  to  pass  over  the  insulating  strips,  and 
thus  change  Irom  one  segment  to  the  other  at 
every  half  revolution.  If  the  springs  are  pro- 
perly adjusted  they  will  pass  the  insulating 
layer — that  is,  will  change  metals — exactly  at 
the  instant  when  the  direction  of  the  current 
changes  in  the  coil.  We  have  seen  that  the 
direction  of  the  currents  changes  twice  for 
every  complete  revolution  of  the  horse-shoe 
magnet.  The  springs  /,  f^  should  slide  from 
one  portion  of  the  metal  cylinder  to  the  other 
at  the  instant  when  the  change  of  directions 
in  the  currents  takes  place,  and  the  result  of 
this  double  change  at  the  same  instant  is  a  uniform  direction  of  the  currents 
in  the  circuit  s. 

Fig.  4.^8  shows  how  the  difTerent  parts  of 
the  machine  constructed  by  Pixii  were 
arranged.  The  great  drawback  to  the  use- 
fulness of  this  machine  was  that  the  heavy 
iron  matter  of  the  magnet  had  to  be  made 
to  rotate,  which  must  have  caused  consider- 
able difficulty  with  machines  of  great  dimen- 
sions. 

Ritchie's.  Clarice's,  and  Siemens' 

Improvements. — Almost  at  the  same  time, 

Ritchie,    Saxton,    and     Clarke     constructed 

similar  machines.    Clarke's  is  the  best  known, 

and  is  still  popular  in  the  small  and  portable 

"  medical  "  machines  so  commonly  sold.     Its  ^ 

construction    is   as  shown    in    Fig.  439.      In 

front  of  a   powerful   horse-shoe  magnet  a  b 

thers  are  two  bobbins  t  and  .*',  of  insulated 

wire.      These  two   bobbins    have    soft    iron 

cores,  connected  by  a  soft    iron   cross   piece 

0  o  so  as  to  form  a  horse-shoe   magnet,  which  rotates   round  a  horizontal 

axis  /,    being   driven    by   the   pulley  behind   the   magnet  a  b.     The  two 
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coils  of  wire  are  continuous,  so  that  a  single  current  m.iy  flow  round  bi>th  : 
but  they  are  so  joined  that  the  current  wliich  flows  in  a  cloti*vvi'<e  diu-aion 
round  one,  flows  in  a  countcrcLickwise  direction  roi.nd  the  otiier.     While 
two  ends  ol  the  wire  on  /  and   /'are  directly  joined,  the   two  other  ends 
are  connected  through  a  set  of  springs  rubbing;  on  suitable  contact  piece* 
on  the  axis  f,  with  two  fixed  terminals,  and  the  circuit  is  nut  complete  till 
these  are  joined.     We  shall  suppose  this  to  he  done.      An  the  coil,  rotate, 
each  soft  iron  core  is  successively  magnetised  in  opposite  directions  ;  thus  coil 
/,  when  opposite  a  north 
pole,  has    its   south    pole 
near  the  magnet   ami  its 
north  pole   at   the    back, 
and   this  arrangement  of 
the  magnetism  is  reversed 
when    /   is    opposite    the 
south  pole  ;  thus,  in  every 
revolution    a   magnet    is, 
as  it  were,  introduced  into 
/,     withdrawn,     replaced, 
with  its  poles  in  the  op- 
posite direction,  and  again 
withdrawn.      The    with- 
drawal of  a  magnet  haviiij; 
its  north  pole  at  one  end 
of  /,  and  the  introduction 
of    a   magnet   having   its 
south   poie  at   the    saint 
end,  both  tend  to  induce 
an  E.  M.  V.  in  one  direc- 
tion ;  but  the  withdrawal 
of    this    second    magnet, 
and    the    re- introduction 
of    the    original    magnet, 

induce  an  k.  m.  f  in  the  opposite  direction.  Th.-s  fron,  the  mstant  the 
coil  /  begins  to  leave  the  south  pole,  to  that  instant  at  which  it  arrives 
opposite  the  north  pole,  an  e.  m.  k.  in  one  and  the  same  direction  is  being 
induced  ;  but  as  soon  as  /  begins  to  leave  the  north  pole  and  return  to 
the  south  pole,  the  direction  of  the  e  ^i  f.  is  reversed,  and  continues 
reversed  until  it  is  opposite  the  south  ,)  Ic  again.  Thus  two  equal  and 
opposite  F.  M.  F.'s  are  induced  in  t  during  each  revolution.  The  same 
statements  hold  good  of  /',  but  when  the  e.  m.  f.  induced  in  Ms  clockwise, 
that  in  t  will  be  counter-clockwise.  The  coils  being  joined  as  described,  tlie 
two  E  M.  F.'s  are  in  series  with  one  another.  Without  special  provision  the 
P  d's  between  the  terminals  woald  be  reversed  at  every  half-revolution  ;  but 
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the  commutator  on  the  axis  /,  already  described,  arranges  that  although  tht 
B.  M.  K.'s  must  necessarily  be  reversed  in  the  coils,  the  currents  shall  flow 
always  in  one  direction  between  the  terminals.  The  currents  between  the 
terminals  must,  however,  rise  to  a  maximum  and  decrease  to  a  minimum 
once  during  each  half- revolution.  The  maximum  currents  occur  at  those 
points  where  the  rate  of  change  of  magnetism  in  'he  armature  (as  the 
soft  iron  continuous  core  and  coils  are  termed)  is  greatest.  At  these  points 
the  armature  resists  the  motion  most  strongly. 

The  motion  of  the  coils  alone,  without  a  core,  would  give  rise  to  similar 
currents,  as  explained  in  the  earlier  pages  of  this  work ;  but  these  currents  would 
be  much  weaker  than  when  iron  cores  are  employed,  because  the  changes  of 

magnetic  flux  would  be  smaller, 
and  therefore  the  rate  of  change 
at  a  given  speed  less  rapid. 

Stohrer  in  1843  constructed 
a  machine  with  six  coils  and 
tliree  permanent  magnets, 
whilst  Nollet  (>849)  and  Shep- 
hard  (1856)  still  further  in- 
creased the  nu.Jiber  of  coils 
and  magnets.  Woolrich  in 
Birmingham  in  1844  built  a 
machine,  which  was  commer- 
cially used  for  i.^lectro-plating. 

These  improvements,  how- 
ever, were  not  of  much  practical 
importance,  and  it  was  not  until 
1857,  a  quarter  of  a  century 
after  Faraday's  discovery,  that  the  next  step  in  advance  was  taken  by 
Dr.  Werner  Siemens,  who  concentrated  the  magnetic  field  of  his  perma- 
nent magnet,  and  placed  the  rotating  armature  iron  and  coil,  much  more 
compactly  arranged,  in  the  strongest  part  of  the  field. 

In  its  simplest  f-rm  Siemens'  armature  consists  of  an  iron  cylinder  which 
is  cut  (as  shown  in  Fig.  440  ;  a)  so  that  its  cross  section  is  of  the  form  of 
the  letter  H,  but  externally  cylindrical  Covered  copper  wire  is  wound 
Jongitudinally  round  the  cylinder  thus  prepared  (Fig.  440  ;  b).  The  horse- 
«hoe  magnets  are  placed  parallel  to  each  other,  and  cut  out  at  their  poles 
N  S,  so  that  the  cylindrical  armature  may  move  in  the  hollow  space 
(Fig.  440 ;  c).  By  this  arrangement  the  coils  are  exposed  to  the  most 
powerlul  magnet  i;  effect,  and,  to  use  the  language  of  Faraday,  they  cut 
the  greatest  number  of  lines  of  force  in  the  most  powerful  part  of  the 
magnetic  field.  Fig.  441  represents  a  small  Siemens'  machine,  by  means 
of  which  more  powerful  currents  were  generated  than  by  the  earlier 
machines  already  described,     a   are  the   steel   magnets  placed   vertically. 


Fig.  44?.— Siemcna  Cylindrical  ArmatBM. 
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The  cylindrical  armature  is  seen  at  e.  It  i»  m.ule  to  rotate  rapidly  by 
means  of  the  multiplying  wheel  b  ;  *  >  are  the  wires  through  which  the 
induced  currents  are  conducted  into  the  outer  circuit. 

In  a  form  closely  resembling  this  the  machine  is  still  used  tor  the 
"magneto-calls"  by  which  the  subscribers  "ring  up"  the  exchange  in  many 
telephone  systems,  and  in  "  magnetos  "  for  automc  bile  work. 

The  next  important  step  was  taken  by  Wilde  in  1864,  though,  strange  to 
tay,  Sinsteden  as  early  as  185I  had  pointed  out  the  principle  involved,  and 
had  even  described  in  Pnggtndorff' s  Annaltn  one  nuthod  of  applying  it 
Sinsteden's  suggestion  was  in  efTect  that  the  current  generated  by  a  dynamo 
with  permanent  magnets  might  be  used  to  energise  much  more  powerful 
electro-magnets,  by  the  action 
of  which  much  larger  currents 
could  be  obtained. 

Wilde  carried  out  this  sug- 
gestion by  using  a  small  steel 
permanent  magnet  dynamo  and 
larger  electro -magnets,  in  a 
secoHvi  dynamo  as  represented 
in  Fig.  44;-  This  machine 
consists  of  two  Siemens' 
machines  placed  one  over  the 
other,  the  auxiliary  marhine  i 
and  the  principal  machine  11. 
The  permanent  magnets  m  m 
of  machine  i  generate  currents 
fn  the  cylindrical  armature 
«,  which  are  conducted  through 

fl  *  to   the  coils        the  electro-magnets  E  E  of  machine  11.     Betwcei 
pole-pieces  k  k  of  the  electro-magnets  e  e  another  cylindrical  armat 
rotates,  and  from  this  armature  currents  for  external  work  are  draw. 

The  large  currents  obtained  w  th  this  machine  were  soon  devoi  .'   t 
practical  purposes.      Wilde's  macb  .le,  however,  had  one  great  dra  .    »rk 
which  became  the  more  objectionable  the  longer  the  machine  was  run  •      . 
the  mass  of  iron  became  rapidly  so  hot  as  to  cause  a  decrease  in  the  stren, 
of  the  current.     This  made  the  generation  of  currents  of  a  uniform  streng-, 
impossible.     Indeed,  unless  the  armatures  and  coils  were  artificially  cooled, 
the  machine  could  only  be  worked    for  a  short    period    without    being 
permanently  injured   by   the  heat  generated. 

But  the  greatest  forward  step  and  the  one  which  forms  the  starting  point 
of  the  modem  dynamo  machine  was  the  discovery  that  permanent  steel 
magnets  could  be  dispensed  with,  and  that  the  residual  magnetism  usually 
found  in  the  soft  iron  of  an  electro-magnet  is  sufficient  to  start  the  action  of 
the  machine.    The  small  currents  induced  by  this  residual  magnetism  being 


Fig.  441.— Ati  EafIt  Sicmeiu'  Machine. 
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used  to  further  energise  the  electro-tnagnet,  ilic  iiiagnetisni  of  the  latter  is 
more  or  less  rapidly  "  built  up  "  until  the  full  power  of  the  machine  under 

the   particular  working   con- 
ditions is  developed. 

This  principle  was  first 
enunciated  by  S.  A.  V'arley 
in  a  patent  filed  in  the 
British  Patent  Office  on  the 
24th  December,  1866,  bur 
not  published  till  July,  1867. 
It  was  in  February,  1867, 
tliat  Dr.  C.  W.  Siemens'  clas- 
sical paper  on  the  conversion 
of  dynamical  into  electrical 
energy  without  the  r.id  of 
permanent  magnetism  was 
read  before  the  Koyal  Society 
in  London,  but  the  machine 
referred  to  had  been  pre- 
viously described  by  Werner 
Siemens,  at  a  meeting  of 
the  Berlin  Academy,  on  the 
17th  January,  1867.  Strangely 
enough,  the  discovery  of  the 
same  principle  was  enunci- 
ated at  the  same  meeting  of 
the  Royal  Society  by  Sir 
I  Charles  Wheatstone,  while, 
1 5is  we  have  already  seen, 
there  is  yet  a  third  claimant 
in  Mr.  Varley,  who  had  pre- 
viously applied  for  a  patent 
in  which  the  idea  was  embodied.  No  one  man  can  therefore  be  named 
as  the  first  discoverer  of  the  principle  on  which  modern  dynamo  machines 
are    constructed.      As    regards   the   Siemens*   discovery,   the   originator   of 

•  Eltctrical  science  owes  so  much  to  the  brothers  Siemens,  that  the  following  details  may 
not  be  without  interest  to  the  readers  of  a  popuLir  treatise: — Werner  and  Charles  William 
Siemens  were  Imrn  at  I^euthe,  in  Hanover.  They  were  educated  at  the  Gymnasium  at  I-iil>eck, 
afterwards  at  the  I'olytechnic  School  at  Magdeburg,  and  finally  at  the  University  of  (jiittingen. 
Heie  they  studied  under  Wohler  and  Himly.  In  1S42  Charles  became  a  pupil  in  the  engine 
works  of  Count  Stolberg,  and  here  he  laid  the  foundation  of  the  engineering  knowledge  which 
he  afterwards  turned  to  such  good  practical  .iccount.  The  fact  that  these  brothers  belonged  to  a 
family  of  inventors  makes  it  rather  difficult  to  say  what  wxs  the  precise  personal  share  e.nh  had 
in  the  many  inventions  for  which  the  world  is  indebted  to  the  four  gifted  brothers,  Werner, 
William,  hri'iinck,  :ind  Carl.  It  may,  however,  be  said  that  in  electrical  discovery  the  two 
bri::her.  William  and  Werner  were  pr:acii-..".!!y  associated       It  was  to  iistrvduce  to  the  Ertijlish 
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the  idea  seems  to  have  been  Dr.  Werner  Siemens,  wlio.  on  being  shown 

an   electrical   motor  constructed  without  permanent  m.innets,  imnv.  Lately 

saw    that   a   generator   without    permanent    ni^ignets  w.is  equally  jH.ssible  ; 

but,  as  we  have  said,  it  was 

the  second  brother,  Charles, 

who  read  the  paper  on  the 

subject. 

Fig.  44^^  shows  the  dy- 
namo iii.ichine  of  Siemens 
in  its  simplest  form.  The 
yoke  V  of  tiie  electromagnet 
E  E  has  bolted  to  it  the  flat 
cores  which  at  their  other 
ends  cany  the  soft  iron  polar 
extensions  N,  between  which 
a     Siemens    shuttle  -  wound 
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armature  of  the  pattern  alreadv  described  is  mtated.  Al  the  end  of 
the  a.xis  of  the  armature  is  a  two-part  commutator  {sre  paije  4M1  I'pon 
which  the  sliding  contacts  a  h  press,  and  the  currents  generatea  m  the 
armature  are  led  into  the  coils  of  the  electro-magnet  as  shown.  1  he 
machine  is  self-exciting,  though  the  currents  generated  are  puisat.ng  and  n<.t 

steady  ones.  ■■,,-■.,„ 

Ladd'S  Machine.-Earlv  in  the  same  year  (1K67)  the  principle  ot  umhi;  an 
electro-magnet  onlv  was  applied  hv  Ladd  in  a  somewhat  d.lTerent  wav.  He 
used  two  distinct  coils  on  two  armatures,  one  ot  which  generated  sunicient  cur- 
rent to  e.xcite  the  electro-magnet,  and  the  other  generated  the  current  tor  use 

nuhlic   a   ioint  invention  <.f  hi^  mvn  an.l  his  l.rother    Wt-rnrr  in  d.'Ctro-};iMin^  ihM    \Villi.-.m 
public   a  joint  invcnuMi      '  xh,- detiils  of  the  c..n^lruct^)n  of  the  Meincns  nmcinnr, 

worked  out  l.y  cne,  s..me  bv  the  other  l>..,iher,  \.ut  no  nltem.,,!  w.is  „™!e  to  ^^T^'-^'  h'm  or  to 
aiscriminue  betwe;n  them.'    To  recor.l  filly  «h.M  they  an,l  .hc>,  l,rm  h.tve  .lone  lor  the  aavance- 

growth  of  plants  and  fruiis.  In  April  ol  lbS.„  Dr.  ■^"""  ^'\.;  ,  (5,^  ..f  the  vame 
kniirhthood  in  recocnition  of  hs  scicntihc  di>.covenc>,  and  on  .NovemtKr  ism,  01  mj^^  -""J 
yeafhe  di'e.  ^Looking  back  alonR  the  line  of  Kngland's  scienl.hc  *""*^'"'  '''^.7."'/'* 
Tho  have  sfrved  the  people  bet-r  th.m  this,  her  adopted  .on;  few.  ,1  any,  whose  lile  -  record 
will  «how  so  long  a  liiti  of  useful  iabouo.' 
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outside  the  machine.  Fig.  444  represents  a  machine  constructed  by  him,  and 
exhibited  at  ^he  Paris  Exhibition  in  May,  1867.  It  consists  of  two  electro- 
magnets, pUced  magnetically  in  series  with  one  another,  and  two  Siemenr.' 
cyUndrical  shuttle-wound  armatures.  The  two  elect n-magnets  b  and  d 
consist  of  iron  plates,  which  have  at  their  ends  a  a,  free  from  wire,  semi- 
cylindrical  hollowed-out  pole-pieces,  the  pole-pieces  of  the  magnet  b  being 
denoted  by  the  letters  c  c  and  c'  c'  in  the  figure.  The  two  cylindrical 
armatures  have  commutators  at  m  and  «,  the  springs  f  and  f'  each  leading  to 
two  clamping  screws.  The  cylinders  are  driven  by  ordinary  belts.  The 
springs  f,  which  slide  on  the  smaller  cylindrical  armature,  are  so  connected 
with  the  wires  of  the  electro-magnets  B  I),  that  the  wires  of  the  magnets 
and   armatures   form  a  closed  circuit.     The   wires   in   the   electro-magnet 

are  so  wound  that  at  each 
cy'indrical  armatuio  two 
opposite  poles  stand  oppo- 
site to  each  other.  The 
right-hand  half  of  Ladd's 
machine  is  simply  a  Siemens' 
dynamo  machine,  similar  to 
the  one  just  described.  When 
the  machine  is  started  the 
residual  magnetism  induces 
weak  E.  M.  F.'s  in  the  two 
armatures.  The  currents 
from  the  smaller  armature  w 
are  conducted  into  the  coil 
of  the  electro-magnet,  and 
increase  the  strength  of  the 
magnet  ;  then,  owing  to  the  mutual  action  between  magnet  and  arma- 
ture, the  strength  of  the  currents  increases  progressively  until  the  steady 
state  is  reached.  The  currents  generated  in  the  right-hand  armature 
are  only  u.sed  for  the  electro-magnets,  whilst  the  currents  generated  in 
the  left-hand  armature  may  be  utilised  for  any  suitable  purpose,  as,  for 
instance,  for  a  hand-fed  arc  light  at  h. 

The  shuttle-wound  armature  of  Siemens,  with  its  solid  polar  extensions,  is 
not  adapted  for  the  generation  of  heavy  currents,  for  many  reasons  which 
will  appear  in  the  sequel.  A  great  advance  in  the  construction  of  armatures 
had  already  been  made  by  Pacinotti  in  i860,  but  his  machine  had  passed  into 
oblivion,  and  his  method  with  some  important  modifications  was  re-invented 
by  Gramme,  in  1871,  as  the  now  well-known  riiiff  armature,  whilst  Von 
Hefner-Alteneck,  of  the  firm  of  Siemens  and  Halske,  of  Berlin,  attained 
similar  advantages  with  the  drum  armature  which  he  invented  in  1872. 

Before  describing  these  armatures  which  form  the  tvpes  of  most  of 
the  armatures  of  continuous   current   dynamos  constructed  at  the  present 
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time,  we  shall  inierrupt  this  historical  summary  for  a  short  time  to  place 
before  the  reader  some  of  the  principles  invoked  in  the  construction  ot 
modern  machines. 


445.-~LiiiM    of    Force    Round 
a  Straight  CurrenL 


II. — ELEMENTARV     PRINClI'l.TS    OK     DYNAMO    CONSTRUCTION. 

The  fundamental  principle  upon  which  the  action  of  all  dynamos  depend* 
is  the  law  of  magneto-electric  induction  discovered  by  Faraday.  As  origin- 
ally and  usually  enunciated,  this  law  refers  to  the  induction  of  currents  under 
certain  stated  conditions.  But  electric  currents  can  only  flow  in  closed 
circuits  in  which  there  must  be  electric  pressures  or  electro-motive  torccs  a> 
they  are  usually  called.  Now  these  e.  m.  f.'s  or  electric  pressures  can  exist  in 
conductors  even  though  the  latter  be  not  part  of  a  closed  circuit,  and  there- 
fore without  the  currents  being  actually  generated.  The  cause  producing  the 
E.  M.  F.  is,  as  a  rule,  independent  of  any  condition 
as  to  the  completion  or  otherwise  of  the  circuit  ; 
the  E.  M.  F.  is  a  measure  only  of  the  tcudcticx  to 
produce  a  current  if  the  wh.  !'■  of  the  conditions, 
including  a  complete  circuit,  a;c  present. 

For  our  present  purpose  we  propose  to  use  tlie 
law  of  magneto-electric  induction  in  the  form  stated 
on  page  4^^  viz.: — "  Wheiicver  lines  of  force  nf,ve 
across  a  conductor  an  E.  M.  f.  is  set  up  »;  the  con- 
ductor ,')roporti<jual  to  the  rate  at  icliich  the  magnetic 
lines  are  moving  across  it''  The  direction  of  this 
E.  M.  F.  will  be  given  by  Lenz'  law  (page  418),  it 
being  supposed  that  currents  are  allowed  to  flow  in  the  conductor  in  the 
direction  of  the  e.  m.  f.,  these  currents  being  such  that  their  flow  will  tend, 
by  the  magnetic  effect  produced,  to  stop  the  motion  of  the  magnetic  lines 
across  the  conductor  (or  the  conductor  across  the  lines,  which  is  physically 
the  sanve  thing).  If  no  currents  actually  flow  no  hindrance  to  the  niotioi^ 
is  experienced,  but  the  e.  m.  f.'s  are  set  up  all  the  same. 

To  enable  the  reader  to  predict  more  quickly  the  direction  of  this  e.  m.  f 
generated  in  any  particular  case,  the  corkscrew'ruies  already  given  (^see  pages 
276  and  2S0)  require  some  little  extension.  Consider  the  three  ca-es  depicted 
in  Figs.  445,  446,  and  447.  In  I'^i^^  445  the  -smallest  circle  I  N  is  intended  to 
represent  the  cross  section  of  a  wire  carrying  a  current  vertically  downwards 
("  IN  "}  through  the  plane  of  the  paper.  The  other  concentric  circles  represent 
some  of  the  lines  of  force,  in  the  plane  of  the  paper,  that  would  be  set  up  bv 
such  a  current,  the  arrowheads  showing  the  direction  of  the  lines  of  force  m 
accordance  with  the  corkscrew  rule.  Fig.  44".  con>isting  of  equidistant  parallc 
straight  lines,  represents  a  uniform  field  from  \  to  s,  the  wire  being  shown  m 
cross  section  in  the  centre,  but  carrying  no  current  and  therefore  not  disturb- 
ing the  tield.  Consider  what  will  be  the  result  if  these  two  fields  are  super- 
posed, that  is,  if  the  wire  in  ihc  Centre  ef  the  field  in  Fig  \  \>-:  luive  a  vertical 
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current  sent  downwards  through  it  giving  rise  to  the  field  of  Fig.  44?-  The 
result  would  be  something  like  what  is  depicted  in  Fig.  447-  ''"he  lines  on 
the  lower  side  of  the  frame  are  in  the  same  direction  for  both  fields  and 
therefore  produce  a  stronger  field,  whilst  those  on  the  upper  side  oppose  one 
another  and  produce  a  weaker  field.  On  the  right  and  \  ■  the  lines  cross 
4  c>iie   another    and    therefore 

— • produci;  ficUis  more   or  less 

'  twisted.      The   result    is    as 

-• shown    in     the    figure,    and 

\  '  remembering    that  the  ten- 

g        ,^ f^  Acncx  of  the   lines   of  force 

is  always  to  contract,  we 
have  a  graphic  representation 
of  the  existences  of  stresses 
that  would  urge  the  wire 
across  the  paper  from  b 
toward;  A.  The  actual  motion 


Fij:.  4  \K  —line*  of  Force  of  a  Uniform  Field. 


of  the  wire  which  will  give  rise  to  the  inductions  p: educing  these  effects 
must,  by  Lenz"  law,  be  in  the  opposite  direction,  that  is  from  a  towards  b. 
in  order  that  the  induced  currents  m.ay  set  up  forces  oppnsing  the 
moli',11.  Remembering  that  the  current  in  Figs.  445  ;ind  447  is  downwards, 
we  (kihice  finally  that  a  motion  from  a  towards  B  of  the  wire  across  the  field 
shown  in  Fig.  440  will  set  y^ 

up   an    E.    M.    V.   directed  "* 

■  ~ -*  — . — ■ 

downwards    in    the    wire. 

In  other  words,  the  direc- 
tion of  the  induced  K.  M.  !•. 
will  be  such  as  to  tend  to 
ijenerate  a  current  which 
will  sticnfi;tlicn  the  ficU  in 


i/ie  tiirixti'iii  t'liiuird.s  which 
the  wire  is  morinc.  The 
case  in  which  th^'  field 
moves  and  the  wire  is 
stationary   can    be   solved 
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by  remembering  that  all  motion  is  relative,  and  we  have  only  to  imagine 
tlie  wire  stationary  nml  the  field  moving  so  that  the  lines  sweep  across  the 
wire,  as  they  actually  do,  and  then  the  above  rule  will  again  apply. 

A  simple  and  ingenious  mnemonic  devised  by  Dr.  S.  P.  Thompson  may 
.issist  the  reader  in  remembering  the  important  relations  between  the  three 
directions,  I'iz.  : — (a)  the  lines  of  the  field,  (h)  the  motion  of  the  wire,  and  (r) 
the  induced  H.  M.  F.  In  Fig.  44S  let  the  rectangles  S  and  N  denote  respec- 
tively south  and  north  seeking  poles,  so  that  the  lines  of  force  issue  outwa'-ds 
from  N  and  run  inwards  to  s.     The  two  rectangles  are  shaded  with  oblique 
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Knes  in  opposite  directions,  those  on  the  N  rectangle  sloping  parallel  to  ihe 
obhque  stroke  of  the  N.  Let  a  b  and  c  d  ht  two  conductors  that  are  being 
moved  across  the  faces  of  tlie  poles  in  tiie  directions  indicated  by  the  dotted 
arrows.  Then  the  heavy  arrows  show,  according  to  the  preceding  rules,  the 
directions  of  the  induced  e.m.f.'s.  These  directions  can  be  ascertained  by 
moving  across  tlie  face  of  either  pole  in  the  specified  direction  a  sheet  of 

paper  p  in  which  a  slot  c  c  has  *' *  ' ^ 

been  cut  to  represent  the  con- 
ductor. As  the  slot  c  c  moves 
across  either  pole  the  oblique 
lines  will  appear  to  move  either 
upwards  or  downwards  in  the 
direction  of  the  induced  e.  m.  f. 
This  rule  is,  as  we  have  said, 
purely  a  mnemonical  rule,  but 
it  is  easily  remembered  and 
applied. 

To  produce  thtse   induced 


C 

P 
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Fig.  448.— Indoctko  In  WIte«  morinc  »cro«  Magnetic  Pota». 


E  M  F.'s  practically,  it  is  obviously  necessary  to  arrange  for  the  relative 
motion  of  a  conductor  and  magnetic  lines  of  force  so  that  the  latter  sweep 
across  the  former,  or  vice  versA.  Perhaps  the  simplest  case  possible  is 
that  shown  in  Fig.  449,  in  which  a  slider  a  b,  which  may  be  one  of  the 
axles  of  an  express  railway  train,  is  being  moved  southwards  along  the 
rails  c  D  and  F  H  so  as  to  cut  the  vertical  lines,  directed  downwards, 
of  the  earth's  magnetic  field.    It  is  readily  seen  that  there  is  an  e.  m.  f, 

directed    towards    the 
east  or   b  end   of  the 
slider    or    axle    which 
would  cause  a  current 
in  the  direi  »ion  shown 
in    the   circuit   of   the 
galvanometer  (i.     Un- 
fortunately, even  with 
a  train  moving  southwards  at  the  rate  of  60  miUs  per  hour,  this  e.  m.  r. 
ced  in  any  axle  is  only  about  0*0039  volt.     For  practical  purposes  it 
is  useless. 

It  is,  however,  possible  to  arrange  for  a  moving  conductor  to  cut  lines  of 
force  continually  in  the  same  direction  without  making  use  of  a  magnetic 
field  of  practically  infinite  extent  like  that  of  the  earth.  In  fact,  in  the  "new 
electrical  machine"  described  by  Faraday  hiniselt  in  one  of  his  early 
Researches,*  a  method  of  doing  this  is  adopted.  Figs.  450  and  451,  copied 
from  Faraday's  paper  on  the  subject,  illustrate  the  mode  of  action.  A  copper 
disc  c,  twelve  inches  in  diameter  and  one-fifth  of  an  ifich  thick,  was  mounted 
31  •  "  Experiment*!  Ke»e»rches,"  i.  a5,  art.  85. 


FiR.  449.— B.  H.  r,  ta  Ccadnetor  cntdng  Ubm  of  Foree. 
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on  a  brass  axle  so  that  it  could  be  easily  rotated,  and  its  edge  was  introduced 
between  the  poles  n  s  of  an  electro-magnet  e.  Two  bars  n  and  s  were 
attached  to  tlie  poles  to  concentrate  the  magnetic  field  in  the  narrow  gap 
within  which  the  edge  of  the  disc  was  introduced.  Collecting  brushes  b^  and 
b^  (Fig.  450)  rubbed  against  the  edge  of  the  disc  and  the  axle,  both  of  which 
were  well  amalgamated  for  the  purpose  of  making  the  contact  good  ;  these 
brushes  were  connected  to  the  terminals  of  a  galvanometer.  On  rotating  the 
disc  the  galvanometer  needle  was  deflected,  showing  the  existence  of  a 
continuous  current  always  in  the  same  direction  as  long  as  the  direction  of 
rotation  of  the  disc  remained  the  same,  but  rising  or  falling  with  any 
alteration  of  the  speed  of  rotation. 

We  have  here  then  a  simple  dynamo  machine  giving  a  continuous  current, 
and  so  constructed  that  no  commutator  is  required,  for  there  are  no  reversals 

of  current  in  the 
rotating  armature  c. 
It  should  be  noticed 
that  each  radial 
sector  of  the  wheel  c, 
as  it  comes  between 
the  poles,  may  be 
regarded  as  a  con- 
ductor cutting  lines 
of  forces.  There  is 
therefore  an  E.  m.  f. 
set  up  in  each  sector 
as    it   passes   under 

Fi^s.  450  and  43i^F.nid.T'.  Simple  Disc  Dynama  ^^C     brUsh     by,    and 

this  B.  M.  P.  being 
always  in  the  same  direction,  and  the  sector  at  the  instant  being  part  of 
the  galvanometer  circuit,  currents  flow  in  the  latter.  By  putting  another 
pair  of  poles  for  the  opposite  edge  of  the  disc  to  rotate  between,  it  is  obvious 
that  we  can  do  away  with  the  brush  rubbing  on  the  axis  and  draw  off  the 
current  by  two  brushes  at  opposite  ends  of  a  diameter.  In  this  case  the 
direction  of  the  induction  must  be  such  as  to  cause  the  currents  in  the 
active  sectors  to  flow  either  both  upwards  or  both  downwards  ;  and  the 
induced  e.  m.  f.  is,  of  course,  oppositely  directed  as  regards  the  material 
of  the  conductor  in  the  two  positions.  Attempts  have  been  made  from 
time  to  time  to  apply  this  method  of  generating  continuous  currents,  but 
they  have  not  met  with  marked  success. 

Consider  next  the  simple  case  of  a  rectangle  of  copper  wire  abed  (Fig. 
45^)  arranged  to  be  spun  in  the  magnetic  field  between  the  poles  N  s  of  a 
magnet,  t!  <..  wire  being  cut  at /and  the  two  ends  joined  respectively  to  the 
two  parts  s  s'  of  a  split  metallic  ring  as  shown  more  clearly  in  Fig.  454.  The 
direction  of  the  rotation  is  assumed  to  be  clockwise.     As  the  wire  a  b  sweepi 
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downward  across  the  fate  n  oI  the  magnet  the  iiuhicet)  f.  m.  k.  in  acaTdaiice 
with  the  ahove  rules  will  he  from  h  to  a.  Simultaneously  the  wire  «  li  i» 
sweeping  upwards  over  the  face  of  the  s  pole,  and  the  induced  h.  m.  ■•.  in  it 
will  be  from  ti  to  c.  No  h.  m.  k.'s  will  be  induced  in  the  other  parts  a  </,  b  f, 
and/c  of  the  wire,  as  these  parts  do  not,  during  t  rotation,  ait  across  any 
of  the  lines  of  force.  On  the  whole,  then,  we  have  during  the  first  half 
revolution  from  the  position  shown  an  K.  M.  K.  in  the  rectangle  in  the 
direction  hade,  the  effect  of  which . 


is  to  produce  a  potential  difference 
(p.  D.)  between  s'  and  s,  the  former 
being  at  the  higher  potential. 

We  can  easily  calculate  the  mean 
magnitude  of  this  e.  m.  p.  or  p.  D.  if  we 
know  the  total  number  n  of  the 
magnetic  lines  cut  by  the  wire  a  h  m 
moving  from  the  top  to  the  bottom 
position,  and  the  speed  of  rotation  of  the  rectangle,  say  «  revolution! 
per  second.     We  have  then  : 


V\ii.  453.— Id«ml  timplc  Dytumo. 


Lines  cut  in  half  a  revolution  by  .7  ^  =  n. 
Time  occupied  in  cutting  these 


=  -    -  =  —    second. 


2    n       2>i 

Mean  rate  of  cutting  =  —  =  zn  n  lines  per  second. 
2  It 

Therefore,  mean  e.  m.  f.  (from  *  to  a)   =  ^—  *  volts 

10" 

There    is    an    equal    mean    k.    m.    k.    in    d    c   from    d    to    e ;    hence 
Mean   E.   M.  k.  in  rectangle  (during    the   half)  _  411  n 


revolution) 


I 


10" 


volts. 


The  above  calculation  gives  the  minn  voltage,  but  if  the  field  between 
N  and  S  be  quite  uniform  as  depicted  in  Fig.  44'),  it  is  evident  that  when 
a  *  is  in  the  topmost  position  it  is  only  sliding  along  the  lines  and  not 
cutting  them,  and  the  e.  m.  f.  is  then  ntV.  As  a  b  moves  over  it  cuts  the 
lines  at  a  more  and  more  rapid  rate  until,  when  half  way  down,  the  rate 
of  cutting  reaches  its  maximum,  and  the  k.  m.  f.  has  its  highest  value. 
From  this  position  it  gradually  diminishes  to  zero. 

If  we  plot  a  curve  in  which   the  various  angular  po  iiions  of  the  loop 

•  The  divisor  io«  is  required  because  100,000,000  lines  must  be  cut  each  second  to  give  an 
E.M.F.  of  one  volt. 
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Fig.  4}3.— OuinfEc  of  B.  M.  r.  in  Loop  routiog  in 
Uniform  Kield. 


are  set  off  horizontally  (the  position  shown  in  Fig.  452  being  the  zero 
position),  and  the  h.  m.  f.'s  induced  as  the  loop  passes  each  position  set 
off  vertically,  we   would  get  a  curve  similar  to  the  first   half    of  Fig.   453 

from   0°  to    180°.      The    mean 
height   of  this  curve  will    re- 

present  ^— y-  volta. 
10 

In  the  next  half  revolu- 
tion, during  which  a  h  moves 
from  the  bottom  to  the  top 
or  starting  position,  all  the 
above  changes  occur  over  again, 
but  the  direction  of  the  e.  m.  f.'s 
is  reversed,  their  magnitudes 
being  the  same  as  before. 
Plotting  these  on  our  diagram, 
but  in  the  opposite  or  negative  direction,  we  shall  obtain  the  second 
half,  from  i8o°  to  360°,  of  the  curve  in  Fig.  453. 
This  curve  may  also  be  taken  to  represent 
the  p.  D.  between  s'  and  s,  this  p.  d.  being  alter- 
nately in  opposite  directions.  The  loop  and 
split-ring  are  shown  on  a  larger  scale  in  Fig. 
454,  in  which  the  loop  is  cut  at  a'  and  a'  and 
the  ends  carried  to  the  two  segments  a  and 
B  of  the  split-tube.  On  this  tube  there  press 
two  sliding  contacts  h  and  a  in  such  a  position 
that  tliey  change  connections  on  the  split-ring 
as  the  rectangle  passes  the  vertical  or  zero 
positions.  The  split-tube,  which  is  known  as 
a  "  two-part  commutator,''  is  shown  in  section 
in  Fig.  455  as  it  would  be  mounted 
in  practice.  Solid  insulating  ma- 
terial H  is  rigidly  attached  to  the 
|a  axle  X  which  carries  the  revolving 
rectangle,  and  the  two  halves  s' 
and  s  of  the  split-tube  are  carried 
by  H.  The  sliding  contacts  or 
supported  in  suitable  brush-holders. 

the  P.  D.'s  of  A  and  b  are  alternately  in  opposite  directions, 
the  r.  n.'s  of  a  and  b  are  always  in  the  same  direction,  though 
fluctuating  between  zero  and  a  nia;:itnum.  It  is  as  if  the  second  half 
of  Fig.  453  had  been  reversed,  giving  the  pulsating  curve  shown  in  Fig.  456. 
This  latter  curve  represents  then  the  changes  of  the  potential  difference 
of  a  and  b  and  the  currents  in  the  outer  circuit  C 


Fi;;.  455.— Two- 
part  Commu- 
utor  or  Col- 
lector. 


Fit;  454.— CooiMCtlew  of  l4>op  fai 
Continuous  Curreiiti. 


"  brushes "   b  and  a   are 
It  follows  that,  although 
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contacts  is  shown 


In    the   above   the   device    <.f    the    spUt-rinR   is    used    to  obtain    uni- 

directional   currents   in  the  working  circuit  C,  tor   from   the  very   nature 

of  the  rase  the  induction 

in  therot.itinK  wires  must 

be   subject    to   reversals. 

If,  however,  reversing  or 

alternate    currents     are 

desired   in   the   working 

circuit  only  some  sliding 

contact    is    required    to 

connect    the    fixed    and 

moving     parts     of     the 

whole  circuit.     One  method  <•!   arranging  such  sliding 

diagrammatically  in  Fig.  457.  1  he  two  tnds 
of  the  wire  of  the  rectangle  are  led,  one  to 
the  axle  aa  and  the  other  to  a  metal  ring 
A  mounted  on  the  axle,  but  insulated  from  it. 
Sliding  contacts  b  and  B  press  on  the  axle 
and  ring  respectively,  thus  conducting,  uri- 
changed,  into  the  fixed  part  of  the  circuit 
C  the  alternate  currents  generated  in  the 
revolving  rectangle. 

For  the  remainder  of  this  section  we  pro- 
pose to  confine  ourselves  to  those  machines 
which    give    continuous    o>     uii/t/inrtioutii 

currents  in  the  working  circuit. 

.  411  w 

Returning  now  to  the    magnitude  ^-r 

of  the  H.  M.  F.  induced  in  the  rectangle  we 
observe  that  it  will  be  increased  by  increas- 
ing the  speed  of  rotation  «,  a  result  we  should 

have  expected  from  Faraday's  fundamental  law.  The  E.  M.  F.  is  also  pro- 
portional to  N,  the  total  number 

of  lines,  passing  from  n  to  s 

(Fig.    4:2),  which  are  cut  by 

the    wires    of    the    rectangle. 

Now,  the  kind  of  field  shown 

in  Fig.  452  is  not  conducive 

to  a  high  value  of  n,  for  the 

non-magnetic  gap  between  N 

and  S   is  wide.    The  number 

of  lines  will  be  greatly  increased 


Fir.  437.— Coonceiloiif  of  Loop  (at 
AUetnate  Currents. 
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Amuture  Iron  in  Polar  f?«p. 


by  the  introduction  of  soft  iron  into  this  gap,  and  in  practice  thi>  is  usually 
supplied  in  the  shape  of  a  hollow  cyhnder  of  soft  iron  as  shown  in  Fig.  458. 
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The  quantity  of  iron  intrndiiccd  is,  as  a  rule,  sulliiicnt  to  carry  the  greater 
part  of  the  lines  across,  so  tliat  none  is  fouiul  inside  the  cylinder  and 
very  few  outside  in  a  well-designed  machine.  If  our  n.pper  wire 
rectangle  be  now  wound  on  the  outside  of  this  cylinder  the  K.  M.  i». 
will  be  much  greater  than  before,  because,  whether  the  magnet  be  a 
permanent  one  or  an  electro-magnet,  but  csp<-i  ially  in  the  latter  case,  there 
will  be  a  great  increase  in  the  number  of  lines  n  passing  from  pole  to 
pole  through  the  iron  of  the  cylinder,  and  all  these  lines  will  be  cut  by 
the  rectangle  in  its  rotation. 

III.— roNTINHOt'S     CURRKNT     ARMATtJKKS. 

From  such  a  simple  arrangement  as  a  single  rectangle  wound  on 
the  iron  cylinder  we  could  not  expect  great  results,  and  it  is  an  obvious 
development  to  wind  on  a  number  of  such  rectangles,  if  only  the  difficulties 
of  connecting  tiicin  electrically  together  and  with  the  commutator  can 
be    satisfactorily    overcome.      This    was    accomplished    by    Von    Hefner- 

T  Alteneck    in    1872    with    hit 

"</r«»i   armature,"    which   we 
have  already  mentioned. 

The  other  method  of  arriv- 
ing at  the  same  result  in- 
vented by  Gramme  in  the 
previous  year  (187 1 )  consists 
in  over-winding  the  cylinder 
or  "ring"  in  Fig.  45^  with  a 
i,s.  4.9.-Condiicting  Coil,  on  Ring.  continuous  coil   of  wire.  Con- 

nections being  made  at  suitable  intervals  to  a  commutator.  An  arma- 
tr-e  so  wound  is  known  as  a  "ring  armature"  or  a  "Gramme  armature." 
jramme's  method,  however,  was  only  an  improvement  on  one  devised 
by  Pacinotti  in  i860,  which  we  shall  describe  in  due  course.  We  shall 
now  give  details  of  the  principles  underlying  both  methods  of  wind'-'g, 
takiii;'  them  in  historical  order. 

Ringr  Armatures. — Let  us  suppose  first  that  four  separate  coils,  i,  a, 
3,  and  4  (Fig.  459),  are  wound  on  the  iron  ring  or  "  core,"  as  it  is 
technically  called,  of  the  armature.  These  coils  are  all  sin;ilar,  but  at 
the  moment  occupy  different  magnetic  positions  on  the  ring.  The  rotation 
being  clockwise,  No.  I  is  about  to  enter  the  field  under  the  north  pole, 
whilst  2  is  emerging  from  that  under  the  south  pole  ;  again,  3  is  enter- 
ing the  field  under  the  south  pole,  whilst  4  is  emerging  from  that 
under  the  north  pole.  The  magneto-electric  inductions  take  place  only 
in  the  wires  lying  on  the  surface  of  the  cylinder,  which  alone  cut  the 
lines  of  force,  and  whose  projections  onlv  are  seen  in  the  diagram.  These 
we  shall  in  future  refer  to  as  the  "active"  wires,  the  remainder  of  the 
wire  being  so  much  dead  resistance,  contributing  nothing  to  the  E.  M.  F., 
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but  being  necessary  for  connecliiiiis.  In  cinls  i  ami  4  the  nuliiUiuiis  m\c 
rise  in  these  outer  wires  to  h.  m.  r/s  directeJ  from  l!ie  spectator,  whilst  in 
coils  2  and  3  tlic  v.  M.  k.'s  are  dircctetl  towards  the  spectator.  Tlie  conse- 
quence is  that  electric  pressures  are  set  up  at  the  severed  ends  of  the  wires  \u 
the  directions  indicated  bv  the  various  arrow  lu  a>ls.     _ 

Consider  now  what  would  happen  it  the  adj.i-  '  \  V 
cent  ends  of  coils  i  and  2  were  joined  ami  ihc 
circuit,  somehow,  completed.  The  k.  m.  k.'s  in 
the  two  coils  beinn  supposed  equal,  no  How 
would  take  place,  but  the  junction  would  be 
at  a  i.igher  potential  than  the  loose  ends  ot 
the  coils,  and  if  a  wire  were  attached  to  this 
junction,  and  the  necessary  circuits  completed. 
a  current  would  Huw  along  this  wire  outwards 
from  the  junction.  We  mav  unilerstand  more 
clearly  how  such  a  flow  would  take  place  uiuler  the  sui-posed  con- 
ditions by  considering  an  analogous  case  :- that  of  water.  Imaguie  the 
two  spirals  i  and  2  tilled  with  water,  as  shown  in  Fig.  4' o.  Suppose 
that  at  the  end  of  each  coil  a  piston  is  introduced  to  produce  a  pressure. 
If  Uie   pressures  at  C  and   u  are  equal,   the   water   inside   the   coils  will 

have  no  motion.  When 


Fil?.  4^».     Ciin^tit  (luin  l« 
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now  at  the  junction  B 
a  third  and  open  chan- 
nel  B  A  is  pl.ued,  the 
water  will  How  through 
H   A,  in    the  direction 
indicated  by  the  arrow. 
Suppose   a   similar   ar- 
rangement were  made 
at  the  junction  of  the 
coils  3    and  4   on    the 
other   side    (Fig.   457^, 
but    with    the    pistons 
moving    in    the    oppo- 
site direction,  the  w.iter 
would  be  drawn   away 
from   A,    and   the  ten- 
dency to  flow  increased  in  the  pipe  joining  the  two  junctions. 

We  can  now  readily  pass  to  the  case  (Fig.  461)  in  which  the  coil» 
are  more  numerous,  and  are  united  at  their  adjacent  ends  so  as  to  form 
a  continuous  winding  round  the  ring.  Eight  such  coils  are  shown  in 
the  figure,  and  the  eight  junctions  are  shown  diagrammatically  as  con- 
nected to  the  sections  of  an  eight-part  split-tube  commutator  on  which 
two  lixi  i  sliding  contacts  or  brushes  rub  at  a  and  d. 


J 


Fiff-  401.— Conducting  CoiN  connected  to  CommutMoc. 
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An  examination,  by  the  rules  already  given,  of  the  inductions  in  the 
"active"  wires  on  the  outer  surface  of  the  ring  will  show  that  in  all 
the  wires  descending  on  the  right-hand  side  of  the  ring  the  induced 
K.  M.  F.'s  are  directed  from  the  spectator,  whilst  in  those  which  arc 
auendin^'  on  the  left-hand  side  the  K.  M.  F.'s  induced  are  directed  towards 
the  !>jH.ttaior.  The  consequence  is  that  on  the  connecting  wires  seen 
on  the  surface  of  the  ring  the  electric  pressures  arc  in  the  directions 
indicated  by  the  various  arrow  heads.  A  ftirther  consequence  is  that 
at  two  only  of  the  junctions  are  the  pressures  oppositely  directe<< 
nanitly,  at  the  one  connected  to  the  bar  b  of  the  commutator,  where 
the  pressures  on  either  side  are  both  directed  towards  the  junction,  and 
tlie  other  at  the  junction  connected  to  the  bar  a,  at  which  the  pressures 
are  both  directed  from  the  junction. 

Three    results     follow    from    this    distribution   of    pressures,  (i.)   that, 

although  great  h.  m.  f.'s  may  be  and  are  induced  in  various  parts  of  the 

ring  winding,  no  current  will   flow  in   this  winding,  notwithstanding   the 

fact  that  it  forms  a  closed  circuit,  because  the  pressures  on  the  two  sides 

g  of     the     ring     balance     one 

another,  being  equal  in  mag- 
nitude and  oppositely  directed ; 
(ii.)  that  the  electric  pressure 
at  the  bar  b  will  be  higher 
than  at  the  bar  a;  or,  in  other 
words,  these  bars  will  be  at 
diflferent  potentials  ;  and,  therefore,  (in.)  that  if  i  and  a  be  connected  by 
a  conductor  c,  as  indicated  by  the  dotted  line,  electric  currents  will  flow 
continuously  in  this  conductor  so  long  as  the  rotation  of  the  ring  u 
maintained. 

The  steadiness  of  this  current  and  its  freedom  from  perceptible  pulsation 
depend  on  the  number  of  coils  and  commutator  segments  use<l.  provided  the 
speed  of  rotation  be  kept  constant.  We  have  seen  that  with  a  single 
rotaiing  rectangle  and  a  two-part  commutator  the  e.  m.  k.  rises  and  falls 
(Fig.  456)  from  zero  to  a  maximum,  and  back  again  twice  in  each  revolu- 
tion. The  same  result  would  be  obtained  with  two  coils  placed  on  a  ring 
at  opposite  ends  of  a  diameter  and  with  their  junctions  connected  to  a 
two-part  commutator.  If  we  increase  the  number  of  coils  to  four  placed 
qo*  apart  on  the  ring,  each  pair  of  coils  may  be  regarded  as  giving  a 
pulsating  k.  m.  f.,  changing  as  shown  in  Fig.  456.  Such  e.  m.  f.'s,  if 
plotted  separately  on  the  same  diagram,  would  give  the  fme-line  curves 
a  b  c  oi  Fig.  462  ;  for  it  must  be  remembered  that  the  two  pairs  of 
coils  reach  their  maxima  at  intervals  90*  apart.  But  from  the  method 
of  connection  these  e.  m.  k.'s  are  added  at  every  instant  throughout  the 
rotation,  and,  therefore,  the  final  result  will  be  that  given  by  the  thick- 
line  curve  A  n  c  n,  which  is  obtained  by  the  geometrical  addition  of  the 
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two  curves  below  ii.  The  pulsations  are  clearly  perceptible,  but  the  resultant 
E.  M.  K.  never  sinks  to  zero,  and  the  range  of  variation  is  considerably 
reduced. 

To  carry  the  argument  one  step  further  :  suppose  two  such  sets  of  four 
coils,  each  to  be  arranged  symtnctrically  round  the  ring  as  in  Fig.  461,  each 
set  of  the  (our  will  give  one  of  the  fine-line  curves  depicted  in  Fig.  4''3  :  but 
the  maxima  of  one  curve  will  lie  exactly  over  the  minima  of  the  other. 
On  adding  these  curves  we 
obtain  the  thick-line  curve 
thown  in  the  figure,  in  which 
the  pulsations  are  still  further 
reduced  in  range  or  amplitude, 
no  indi<'idual  value  differing 
very  much  from  the  mean 
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A  comparison  of  the  three  figures  456,  462,  and  463,  for  2,  4,  and  8- 
part  commutators,  shows  how  rapidly  the  multiplication  of  the  com- 
mutator segments  tends  to  wipe  out  the  amplitude  of  the  pulsations, 
and  it  may  fairly  be  deduced  from  these  figures  that  when  the  com- 
muUtor  segments  become  much  more    numerous,  say  3a  or   more,   the 

pulsations,  though  theoretically  present, 
cease  to  have  any  practical  effect. 

The  methods  adopted  by  Gramme 
to  carry  out  in  practice  the  theoretical 
ideas  of  the  preceding  paragraphs  are 
shown  in  Fig.  464,  in  which  a  b  repre- 
sents an  incomplete  ring  armature  coil, 
the  upper  portion  of  the  figure  show- 
ing a  completed  section.  The  coils 
consist  of  copper  wire,  well  covered, 
the  number  of  turns  and  the  thickness 
of  the  wire  depending  upon  the  purposes 
for  which  the  machine  is  to  be  used. 

The  connections  of  tin;  coils  are 
shown  in  the  tigure  ;  the  end  of  one 
coil  and  the  commencement  of  the  one  next  to  it  are  soldered  to  copper 
strips  R,  which  are  bent  at  rigiit  angles  and  protrude  on  the  other  side  of  the 
rir.g.  The  number  of  copper  strips  is  equal  to  the  number  of  coils  ;  these 
topper  strips  together  form  a  hollow  cylinder,  and  are  separated  by  insu- 
Jating  substances  from  each  other.  In  the  middle  of  this  hollow  cylinder  the 
iteel  shaft  is  fixed,  being,  of  course,  well  insulated  The  space  between  the 
copper  strips  and  the  coils  is  taken  up  by  a  wooden  ring.  To  conduct  away 
the  currents  induced  in  the  Gramme  ring  two  wire  bni^nes  are  fastened  111 
such  a  manner  that  they  slide  over  the  exposed  end  sui.ice  of  the  cylinder 
ionned  by  the  copper  strips  K  k. 
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Lamination  of  Cores.  AVc  h.ivo  aliv.uly  (•^rr  p-i^c  ^jS),  when  dealing 
witli  induction  coil.-,  lii  awn  .ittciiticii  to  tlio  necessity  tor  laminating  the  iron 
cores  so  as  to  kill,  as  it  were,  any  ciirienls  which  would  be  induced  in  soUd 
iron  cores  under  the  conditions  of  workinj;.  Such  currents  are  frequently 
referred  to  as  "  Foucault  currents  "  i>r  "  eddy  currents."  Almost  precisely 
similar  conditions  hold  with  regard  to  the  cores  of  continuous  current 
armatures.  We  have  an  iron  core  surrounded  by  coils  in  which  rapid 
reversals  of  current  are  taking  pl.ice.  If  the  iron  core  were  solid  these 
reversing  currents  would  induce  currents  in  the  iron  in  directions  parallel  to 
themselves,  these  being  the  directions  of  the  induced  E.  M.  F.'s  in  the  iron. 
We  must,  therefore,  laminate  the  iron  in  such  a  way  that  no  closed  circuits  of 
appreciable  extent  can  be  formed  in  these  directions. 

But  apart  from  the  currents  in  the  coils  the  iron  core  is  being  spun 
in  a  magnetic  field  in  such  a  manner  that  the  magnetic  Rux  through  every 
part  of  it  is  being  rapidly  reversed.  This  by  itself  would  tend  to  set  up 
"  eddv  "  currents  in  the  iron  if  the  latter  were  solid  ;  for  then  innumerable 
closed  circuits,  of  low  resistance,  would  exist,  the  magnetic  flux  through 
which  would  be  continually  changing.  In  such  circuits  induced  or  "  eddy" 
currents  would  flow. 

The  eflTect  of  "  eddy  "  currents  in  both  cases  would  be  that  the  iron  would 
rapidly  become  heated,  and  therefore  that  energy,  which  could  have  been 
more  usefully  employed  in  doing  work  in  the  outer  circuit,  will  be  spent 
in  wastefuUy  warming  the  iron  from  which  it  will  be  radiated  or  difTused  and 
cease  to  be  available.  Thus,  apart  from  any  deleterious  effect  on  the  machine 
itself  which  may  be  caused  by  overheating,  the  production  of  heat  in  this 
way  is  wasteful  and  uneconomical.  We  have  already  mentioned  how  Wilde's 
machine  (scf  pa<;e  475)  heated  up  m)  quicklv  that  it  could  not  be  run  for 
very  long  without  st'ppinj^.  The  mischief  was  due  to  the  solid  iron  core  ol 
the  H  armature. 

The  laminations  required  are  at  right  angles  to  the  currents  in  the  coils 
and  parallel  to  the  direction  of  mot  inn.  Gramme  secured  the  necessary 
lamination  by  building  up  his  core  of  iron  wire  well  annealed  so  as  to  secure 
high  permeability.  This  core  of  iron  wire  can  be  clearly  seen  in  Fig.  464. 
Iron  wire,  however,  is  not  sufficiently  rigid,  especially  for  large  machines,  and 
therefore  in  modern  machines  thin  iron  discs  are  threaded  on  the  axle 
and  built  up  to  form  a  core  of  the  required  shape  and  size.  These  discs  have 
some  form  of  light  insulation  inserted  between  them  sufficient  to  stop 
"eddy"  currents,  the  E.  m.  f.'s  of  which  are  usually  small,  passing  from  one 
disc  to  another.      Details  will  be  given  in  the  descriptions  of  the  machines. 

Drum  Armatures. — The  other  leading  type  of  winding  for  continuous- 
current  armatures  to  which  we  have  referred  is  the  drum  armature  designed 
by  \'on  Hefner- Aheneck  in  1872.  It  will  have  been  noticed  that  in  ring 
armatures  the  "active"  part  of  the  winding  is  that  which  lies  at  the  outer 
surface   of  the   ring,   and   that    the   rest   of  the  wire  tnerely   supplies   the 
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necessary  electrical  connectit)iis  whilst  adding  considcrahlv  to  the  quantity 
of  wire  used  and  thtTclore  to  the  resistance  ol  the  .iiiii.iturc.  It  eei-ins 
natural  to  seek  to  do  away  with  sonic  ot  this  wire,  and  especially  tlut 
which  lies  on  the  insiiie  of  the  ring,  by  carrying  tiie  end  connections  acioss 
to  an  "  active "  wire  on  the  other  side  of  the  armature  rather  than  to 
the  "  dead  "  wire  on  the  inside. 

Fcr  a  two-pole  machine  the  fundamental  element  of  the  drum  winding 
may  be  taken  to  be  the  revolving  rectangle  of  Fig.  452,  and  the  problem  is  to 
blend  a  sufficient  number  of  these  together  in  a  continuous  winding,  with 
connections  to  a  commutator,  so  as  to  deliver  currents  to  the  brushes 
with  the  same  absence  of  pulsation 
as  obtains  in  a  ring  winding  with 
a  many-part  commutator. 

A  solution  for  four  rectangles 
and  a  four-part  commutator  is 
shown  in  Fig.  46?.  Starting  from 
the  point  a  and  following  the 
winding  round  without  reference 
at  first  to  the  commutator,  it  will 
be  found  that  the  rectangles  form 
a  close  circuit,  and  are  electrically 
in  series  with  one  another  in  the 
order  of  the  numbers  marked  on 
them.  As  regards  the  connections 
to  the  four  segments  v)  x  y  and  z 
of  the  commutator,  it  will  be  found 
that  at  two  of  these,  x  and  v, 
the  pressures  in  the  windings  are  both  directed  from  (at  .r)  or  both  directed 
towards  (at  y)  the  junction  with  the  connecting  wire  ;  whilst  at  the  other 
two,  z  and  w,  one  pressure  is  towards  the  junction,  and  the  other  directed 
from  it.  If,  therefore,  brushes  be  placed  on  x  and  y  they  will  supply  current 
to  an  external  fixed  circuit,  whilst  for  the  moment  2  and  w  are  idle  bars. 

In  Fig.  466  we  have  the  method  applied  to  an  armature  with  16  active 
conductors  numbered  i  to  8  and  i'  to  8',  although  for  clearness  four  of  these, 
namely,  2,  3,  2'  and  3',  are  left  out  in  the  figure.  There  is  also  an  eight-part 
commutator  indicated  by  the  heavy  lines  a,  d,  c,  d,  e,  /,  g,  and  /;.  The  polar 
faces  N,  S  of  the  field  magnets  (not  shown)  are  supposed  to  be  on  the  right 
and  left  and  the  direction  of  rotation  clockwise  as  previously.  The  diagram 
shows  the  connections  at  the  commutator  or  front  end  ;  at  the  far  or  back 
end  the  connectors  are  shown  as  crossing  but,  of  course,  not  in  contact  at  ii. 

In  tracing  connections  it  must  be  remembered  that  all  the  conductors 
descending  on  \he  right-hand  side  have  h.  m.  f.'s  induced  in  them  from  hark 
to  front,  whilst  in  those  asremiing  on  the  left-hand  side  the  induced  K.  m.  i-.'s 
are  from  front  to  hack.     Startinj;  from  the  coniinutator  .segment  r,  we  can 
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trace  the  following  path  through  the  armature,  viz. :  c  5  b  s'  </  7  B  7'  *  i'  B  I 
/4'  B  4  ;?•.  It  should  be  noticed  that  throughout  this  path  wherever  we  pass 
along  an  active  conductor  we  pass  in  the  direction  of  the  induced  K.  M.  k. 
The  whole  of  th  =-56  E.  M.  f.'s  are,  therefore,  't  series,  with  the  result  that  the 
electric  pressure  at  ^  is  higher  than  it  is  at  c.      The  other  path  through  the 

armature  would 
be  as  follows,  but 
the  connections 
at  the  front  are 
not  shown  in  the 
figure,  and  four 
of  the  conductors 
are  left  out :  c  3' 

B3d2'B2d8   B 

8'  A  6  B  b'g.  Here 
again  the  e.  m.  f.'s 
are  all  in  one 
direction,  from  c 
towards  g.  We 
have,  therefore, 
the  same  state  of 
things  as  in  a 
ring-wound  arma- 
ture, with  the 
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result  that,  if  sliding  brushes  are  at  the  moment  touching  c  and  g,  these 
brufhcs  will  be  able  to  supply  current  to  an  external  circuit,  the  current  flowing 
from  g^.0  c  through  this  circuit  and  from  c  to  ^  through  the  armature. 

One  of  the  early  forms  of  the  drum  armature  when  completed  is  shown 

in    section    in  ^  N. 

Fig  467.  An 
iron  cylinder 
5  .$,  n  »!  is 
(  tened  upon 
the  steel  axle 
c  c,  vhich 
rests  in  bear- 
ings at  K,  Kj. 

Insulated  copper  wire  is  wound  round  the  cylinder  longitudinally,  the  ends 
e  e  being  carried  to  the  commutator  /  /j.  N  N,  and  S  s,  represent  the 
sections  of  the  magnetic  poles.  The  magnetic  poles  are  cylindrical  arcs 
as  regards  shape,  and  surround  the  drum  for  more  than  two-thirds  of  iu 
circumference. 

It  will  easily  be  perceived  that  the  inducing  action  of  the  magnets  with 
the  drum  armature  is,  as  we  have  said,  more  completely  utilised  in  Siemeoa 
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generators  than  in  (Gramme's,  (<>r  all  parts  of  the  wire  coils  of  the  armature 
move  in  magnetic  fields,  and  no  portion  is  situated  inside  the  cylinder. 
Hence  there  is  no  idle  wire  except  that  which  crosses  the  ends  of  the 
cylinder.  In  order  to  prevent  the  heating  <>f  the  iron  cylinder  by  the 
"eddy"  currents  already  referred  to,  Sienirns  and  llalske  constructed 
generators  in  which  the  iion  core  of  the  drum  was  fixed,  and  only  the  wire 
coils  rotate  in  the  magnetic  field.  In  these  generators  the  armature  coils 
were  wound  on  a  drum  consisting  of  a  sheet  of  German  silver,  which  rotated 
round  the  iron  drum,  at  a  little  distance  from  it,  and  hoin  the  enclosing 
magnetic  poles.  The  idea,  though  an  ingenious  one,  failed  in  practical  work 
both  on  account  of  the  difficulties  of  construction,  and  because  ot  the  large 
mechanical  forces  which  act  on  the  wires  at  full  loads.  The  modern  method 
of  avoiding  the  formation  of  eddy  currents  is  to  laminate  the  iron,  as  we 
have  already  explained,  by  building  up  the  core  with  thin  iron  discs  insulated 
from  one  another. 

The  chief  defects  of  the  early  drum  armatures  were— 

1.  The  heating  of  the  machine,  particularly  when  the  core  of  the 
armature  rotated  with  the  coils.  The  temperature  of  the  armature  in  this 
case  rose  more  rapidly  than  that  of  the  field  magnets. 

2.  Any  irregularity  in  the  outer  circuit — as,  for  instance,  in  an  arc  lamp 
that  was  in  use — caused  the  formation  of  strong  sparks  at  the  brushes,  and, 
therefore,  a  more  rapid  wearing  away  of  the  commutator  and  brushes. 

3.  The  convolutions  made  in  the  winding,  according  to  the  plan  of  Von 
Hefner- Alteneck,  had,  further,  the  disadvantage  of  being  unsymmetrical,  and, 
consequently,  difficult  to  wind.  This  unsymmetrical  form  also  favoured  the 
production  of  sparks  at  the  commutator,  in  consequence  of  the  absence  of 
electrical  equilibrium  on  opposite  sides  of  the  armature,  or  in  the  bobbins 
connected  by  means  of  the  segments  of  the  commutator.  This  defect,  however, 
has  been  remedied  in  modern  machines  by  improved  methods  of  winding,  so 
that  many  machines  are  now  drum  wound,  for  such  winding  has  certain 
advantages  as  compared  with  ring  winding. 

The  chief  difficulties  in  drum  winding,  when  the  active  wires  and  .he 
commutator  bars  are  numerous,  are  to  design  the  form  of  the  connectors 
at  the  two  ends  so  as  to  avoid  the  bunching  up  and  overlaying  of  the 
diflferent  wires,  to  improve  the  insulation  between  wires  at  widely  different 
potentials  when  the  machine  is  running,  and  to  allow  of  the  more  ready 
removal  of  a  faulty  section  in  the  event  of  a  breakdown.  To  meet  these  and 
other  modern  requirements  many  ingenious  schemes  have  been  proposed,  to 
some  of  which  we  shall  refer  in  the  later  section. 

Open  Coil  Armatures. — The  ring  and  drum  armatures  described  above 
have  one  feature  in  conmion,  and  that  is  that  the  windings  form  a  closed 
circuit  in  themselves  and  are  quite  continuous  without  any  aid  from  the 
commutator.  But  another  and  entirely  different  method  of  fulfilling  the 
electrical  requirements  has    met  with   a    large   measure   of    succes*.      In 
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machines  of  this  type  the  armature  is  wound  with  a  convenient  number 
of  separate  coils,  the  ends  of  which,  either  singly  or  in  pairs,  are  brought 
to  the  two  segments  of  a  corresponding  number  of  two-part  commutators. 
The  necessary  connections  between  the  Coils  at  different  periods  of  the 
revolution  of  the  armature  are  made  by  suitable  brushes  sliding  on  the 
commutators.  Without  these  brushes  the  coils  or  groups  of  coils  are 
quite  separate  and  distinct  with  their  ends  disconnected.  Armatures  of 
this  type  may  therefore  be  called  "  open-coil "  armatures,  the  ring  and  drum 
armatures  being  examples  of  "  closed-coil  "  armatures. 

To  explain  clearly  this  method  of  armature  construction  it  will  be  best  to 
take  an  actual  example,  and  for  this  purpose  we  select  a  machine  which 
has  been  very  largely  used,  namely,  the  arc  lighting  machine  made  by 
the  Brush  Electrical  Engineering  Company,  and  usually  known  as  the  Brush 

machine.  To 
avoid  repetition 
later  we  shall 
give  diagrams 
taken  from  a 
modern  example 
of  the  type. 

The  Brush 
Armature.  — The 
core  of  the  arma- 
ture is  in  the 
form  of  a  ring, 
with  depressions 
at     intervals     in 

which  the  coils  arc  wound.  This  core  in  the  more  modern  machines  is  built 
up  of  thin  iron  ribbon  -,'gtlis  of  an  inch  thick.  The  annexed  figures  (468 
to  472)  show  the  principles  of  its  construction,  but  in  die  actual  machine 
a  much  larger  number  of  pieces  of  thinner  iron  than  is  there  shown  is 
used.  The  ribbon  is  wound  upon  a  ciicular  foundation  ring  a',  and 
projecting  cross-pieces  of  the  same  thickness  and  of  the  shape  shown  in 
Fig.  470  (and  also  marked  H  in  Figs.  468  and  46q)  are  inserted  at 
nitervals  to  .separate  the  convo'utions,  admit  of  ventilation,  and  form 
suitable  projections  between  which  to  wind  the  coils.  In  the  larger 
armatures  there  are  45  turns  of  ribbon,  and  these  are  secured  by  well- 
insulated  radial  bolts  r.  The  concentric  grooving  which  results  from  this 
method  of  building  up  the  ring  not  only  laminates  the  iron  so  as  to 
diminish  the  eddy  currents  but  also  ventilates  the  core,  and  thus  tends  to 
keep  it  cool  whilst  running.  In  the  large  depressions  or  grooves  thus  left 
the  coils  of  insulated  copper  wire  are  wound,  until  the  groove  is  filled  up  and 
becomes  flush  with  the  face  of  the  intermediate  tiiicker  portions,  by  which 
the  grooves  are  separated  from  one  another.      This  method  of   winding 
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the  coils  is  illii>li.iUil  in  I 
tlioiigh  sitniluily  buik 
up,  is  not  qnilf-  the 
same  in  tletaiis  as  is 
shown  in  Figs.  468  to 
470.  The  coils  are  con- 
nected in  pairs,  eaclt 
to  that  'liainctricalty 
opposite  it,  as  shown 
in  Fig.  472,  whicli  re- 
presents an  eight  coil 
armature,  and  adjacent 
coils  are  carefully  insu- 
lated from  one  another. 
For  each  pair  of  opposite 
coils  there  is  a  separate 
commutator,  so  that,  for 
the  ordinary  ring  of 
eight  coils,  there  are  four 
distinct  commutators  side 
by  side  upon  the  axis — 
one  for  each  pair  of  coils. 


.171,  ill   ulikli,  however,  the  iron  of  the  riri;^, 


.—Brush  Ring  partly  wound. 


Fig.  47.'  — Comwctions  of  Hriish  Arc  T.ight  Marhine. 

The  brushes  are  arranged  so  as  to  touch  at  the  same  time  the  comniutators 
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of  two  pairs  of  coils,  but  never  of  two  adjacent  pairs ;  the  adjacent 
commutators  being  always  connected  to  two  pairs  of  coils  which  lie  at 
right  angles  to  one  another  in  the  ring.  The  double  commutators  a  a' 
and  B  b',  each  of  which  serves  for  commuting  the  current  of  four  of  the 
coils  of  the  armature,  are  each  built  of  four  strips  of  copper  of  a  special 
shape  mounted  on  an  insulating  hub.  The  strips  are  shown  alternately  light 
and  dark  in  Fig.  472,  but  their  construction  and  arrangement  will  be  better 
understood  in  Fig.  473,  vi'iich  represents  the  commutator  a  a'  developed 
or   laid   out  flat.     Similar  references  are  used  in  the  two  figures.     There 

are  two  brushes  (Fig. 
CoiCi:         Co^ts.        CoiUi.  CoiLa".  ^^j)  diametrically  op- 

_|__^____H^^ I       y'         ]?*  posite  to  one  another, 

and  sufficiently  wide  to 
~\   bridge   the    full   width 

of     the      commutator. 

Consequently    when 

'.hese    brushes    lie    on 
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F>K-  473  —Development  of  ibe  Comnautor  of  lb*  Bnish  Machine. 


the  wide  pieces  of  metal  in  the  position  indicated  by  the  dotted  lines  *  * 
and  jf'  *'  (Fig.  473),  the  coils  3  and  3'  are  in  circuit,  and  the  coils  i  and  i' 
are  cut  out.  On  the  other  hand,  when  the  brushes  rest  on  the  narrow 
metal  sections,  say  on  the  lines  r  y  and  y'  y\  the  coils  1,1'  and  3,  3'  are  in 
parallel  in  any  fixed  circuit  to  which  the  brushes  lead.  The  commutators 
A  a'  and  B  b'  are  so  arranged  relatively  to  each  other  that  the  wide 
segments  on  a  a'  are  45*  in  advance  of  the  wide  segments  in  b  b'.  The 
consequence  is  that  when  one  pair  of  brushes  is  putting  coils  in  parallel 
the  other  pair  of  brushes  has  one  pair  of  its  coils  in  series  and  its  other 
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pair  cut  out  of  circuit.  In  the  position  represented  in  Fig.  472,  and 
assuming  the  outer  circuit  closed,  the  current  would  flow  through  the 
machine  in  the  following  manner  : — 

11.  2.  2'  II.'. 


Brush  a,  m.,  r,  3',  lit'     a',  b  > 


Mv.4.4  IV. 


Brush  b',  Electro-magnets. 
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The  complete  machine  is  shown  in  Fig.  474,  where  it  will  be  seen  that  the 
electro-niafTHcts  arc  two  horizontal  two-litnh  magnets  with  wide-spread  pole- 
pieces  facing  one  anotlier  on  cither  side  of  the  ring  and  nearly  touching  it. 
The  pole-pieces  are  sulTiciently  large  to  cover  three  coils  on  either  side  at 
once;  similar  poles  face  one  another,  so  that  the  lines  of  force  entering  on  one 
side  pass  through  the  core  under  and  over  the  axle  to  the  poles  on  the  other 
side.  Thus  the  pair  of  coils  which  is  not  covered  by  the  pole-pieces  is  simply 
sliding  along  the  lines  of  force  and  not  cutting  them,  and  therefore  has  no 
induced  e.  m.  f.  It  is  this  pair  (1,1'  in  Fig.  47  i)  which,  whilst  thus  "  idle,"  it 
cut  out  of  circuit  to  be  brought  in  again  a  moment  later  when  it  begins  to 
generate  E.  M.  k.  once  more.  The  advantage  of  thus  cutting  out  the  idle 
coils  is  that  their  resistance  is  removed  from  the  circuit  when  they  are  unable 
to  add  anything  to  the  pressure,  and  when  therefore  their  resistance  would 
merely  diminish  the  total  current  without  any  counteracting  advantage. 

For  the  sake  of  adjusting  the  brushes,  so  as  to  make  contact  with  the 
commutators  at  the  most  efTective  angular  position  with  respect  to  the 
magnetic  field,  they  are  mounted  to  the  opposite  ends  of  two  rocking  levers, 
which  are  capable  of  oscillating  on  the  driving-shaft,  and  can  be  fixed  in  any 
desired  position  by  means  of  a  set  screw,  which  clamps  a  stout  wire  rising 
from  the  base  of  the  machine.  The  currents  are  conveyed  from  the  brushes 
by  wide  strips  of  thin  sheet  copper,  shown  in  the  general  view  (Fig.  474), 
and  in  order  to  allow  for  the  variable  distance  of  the  free  ends  of  the 
brushes  from  the  base  of  the  machine  they  are  made  undulating  or  wavy, 
doubling  up  as  the  distance  is  shortened,  and  stretching  out  when  it  ia 
increased. 

Another  widely-used  machine  with  an  open-coil  armature  is  the  Thomson- 
Houston  dynamo,  which  we  shall  describe  later.  In  all  such  machines  the 
object  of  the  open  winding  is  to  enable  different  combinations  of  the  coils  of 
the  armature  to  be  made  by  the  sliding  brushes  at  different  positions  during 
a  revolution,  and  the  combinations*  sought  are  those  which  will  conduce  to 
the  highest  efTiciciicy  and  steadiness  of  the  current,  the  idle  coils  being 
frequently  cut  out.  Another  object  sometimes  attained  is  the  regulation  of 
the  current  so  as  to  satisfy  different  working  conditions. 

IV. — MKI.D   MAdNlTS. 

In  no  direction  do  the  princ'.^les  of  the  "  Magnetic  Circuit,"  which  we 
have  discussed  on  pages  2S2  to  284,  find  a  more  pertinent  application  than 
in  the  design  of  the  magnetic  parts  of  dynamo-electric  machines.  Indeed  it 
u-as  the  pressing  practical  necessity  for  some  method  of  calculation  more 
convenient  than  was  offered  by  polar  theories  of  magnetism  that  led 
Dr.  Hopkinson  and  his  co-workers  to  develi.,)  these  principles.  This 
development  of  the  tlieorv  was  qiiickly  followcl  by  a  great  improvement 
ia  the  design  ol  lU  11.11110-,,  and  laigcly  eniiliibuled  l<i  llie  improved  cliiciency 
and  output  of  modern  machines,  and  to  their   great    increase   in  size,  as 
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compared  with  those  produced  in  the  first  years  following  the  invention 
of  the  Gramme  ring  and  the  drum  armature.  Although  this  section  is 
headed  "  Field  Magnets,"  it  is  to  be  understood  that  under  that  title  the 
whole  magnetic  circuit  of  the  machine  is  to  be  discussed. 

The  primary  object  of  the  magnetising  coils  of  a  dynamo  machine  is 
to  produce  economically  a  large  magnetic  fiux  through  some  definite  part 
of  the  magnetic  circuit.  It  has  been  already  pointed  out  that  to  maintain 
a  magnetic  flu.x  when  once  set  up  does  not  require  any  expenditure 
of  energy,  but  that,  on  account  of  the  imperfections  of  our  electrical 
conductors,  when  the  flux  is  being  maintained  by  the  magneto-motive  force 
of  a  magnetising  coil,  energy  is  spent  in  keeping  up  the  current  in  the  electric 
circuit.  In  dynamo  machines  we  have  to  deal  with  large  electro-magnets 
and  large  magneto-motive  forces.  It  therefore  becomes  of  primary  import- 
ance so  to  dispose  of  the  copper  of  the  magnetising  coils  and  the  iron  of  the 
magnetic  circuit  that  the  magneto-motive  force  exerted  by  the  current  on 
the  coil  shall  produce  the  effect  required  with  the  least  expenditure  of  energy 
in  the  electric  circuit.  Of  course,  other  considerations,  such  as  ease  and 
economy  in  construction,  mechanical  strength  and  rigidity  under  working 
conditions,  etc.,  etc.,  have  to  be  borne  in  mind,  but  in  attending  to  these  the 
principles  to  be  observed  to  secure  a  good  and  economical  electro-magnet 
must  not  be  overlooked. 

Especially  must  it  be  borne  in  mind  that  magnetic  lines,  which  do  not 
pass  through  those  parts  of  the  machine  where  useful  inductions  are  taking 
place,  are  wasted  and  therefore  lower  the  efficiency  of  the  machine.  They 
are  technically  known  as  "  leakage  "  lines,  and  the  amount  of  "  magnetic 
leakage"  at  different  loads  is  an  important  factor  in  the  working  of  any 
machine.  When  it  is  stated  that  even  in  well-designed  machines,  for  every 
lOO  lines  usefully  employed  as  many  as  130  lines  have  to  be  set  up  in  the 
cores  of  the  magnetising  solenoids,  the  importance  of  the  "leakage  co- 
efficient," as  it  is  called,  is  easily  understood. 

The  fundamentr.i  rules  of  the  magnetic  circuit  have  already  been  stated 
{set  page  283),  and  we  can  therefore  proceed  directly  to  illustrate  their 
application  to  dynamo  machines  by  actual  examples. 

In  Fig,  475  are  shown  the  forms  of  the  magnetic  circuits  of  various 
pioneer  types  of  dynamo  machines.  In  these  diagrams  the  iron  of  the  field- 
magnet  proper  is  sliade^.  full  black,  whilst  the  iron  of  the  crmature  is  only 
Jightly  shaded  ;  in  nm  '  of  the  figures  the  axis  of  rotation  is  perpendicular 
to  the  plane  of  the  p.  'nit  in  d  and  /'  it  is  parallel  to  that  plane,  and 

»s  indicated  by  a  dotted  iiiiL-.  Joints  in  the  iron  of  the  fieUl-nuTrnet  are 
mdicated  by  white  spaces,  and  the  wires  of  the  magnetising  coils  are  shown 
in  section  as  rows  of  dots. 

Fig.  a,  represents  one  of  the  early  Edison  machines,  and  a,  the  same 
niacliiiic  after  it  h.id  been  improved  by  Dr.  J.  Ilopkinson,  and  then  known  as 
the  Edison-Hopkinson  dynamo.    Notice  how  the  comparatively  long  thin  cores 
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and  Iit;ht  yoke  of  «,  are  rcplnced  by  shorter  and  thicker  cores  and  a  more  missive 
yoke  ill  '/,.  It  is  easy  to  see  liow  the  magnetic  reluctance  of  tlie  circuit  of  <«, 
must  be  less  than  tliat  of  rt,,  botli  because  the  lenRth  of  tlic  path  is  shorter 
and  ilso  the  cross  section  of  the  iron  greater.  The  shape  ot  the  pole-pieces 
and  the  cross  section  of  the  iron  of  the  armature  tend  further  to  diminish  the 
reluctance  of  a,  as  compared  with  #/,.  Again,  it  should  be  noticed  how  the 
shape  of  the  poIc-picces  in  rt,  encourages  magnetic  leakage.  It  is  easy  to  see 
that  in  the  earlier  machine  more  lines  will  pass  froui  one  pole  to  the  other 
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without  entering  the  .ron  of  the  armature.     All  such  lines  are  useless  for  the 
purpose  for  which  the  electro-magnet  is  intended. 

Fig.  475  c  represents  the  magnetic  circuit  of  anotlier  early  form  of  Edison 
dynamo,  known  as  the  ''  Jumbo,"  which  was  one  of  the  first  machines  used 
for  public  street  lighting  in  London.  The  machine  itself  will  be  found 
described  in  a  previous  edition  of  this  book.  There  were  as  many  as  eight 
magnetising  solenoids  arranged  in  two  groups  in  parallel.  The  magnetic 
leakage  of  such  an  arrangement  is  excessive,  as  -.ve  ^lial!  slunv  (itesciitly. 
Fig.  475  b  represents  a  simple  and  widely-used  form  of  magnetic  circuit,  the 
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machine  being  known  as  an  "overtype"  one.  The  iron  of  the  field -magnet 
is  forged  in  a  single  piece,  irul  there  are  no  joints  to  increase  the  magnetic 
reluctance.  The  efTect  of  such  joints  is  very  appreciable  in  several  of  the 
machines  illustrated.  , 

In  the  foregoing  machines  <^^,  </.,,  b,  and  c  the  magnetic  circuit  is  a  single 
one  ;  that  is,  the  lines  of  force  all  circulate  round  in  the  same  direction. 
Double  magnetic  circuits  are  shown  in  Figs.  </,  c,  and  f;  in  these  there  are 
two  distinct  paths  for  the  magnetic  lines  which  unite  at  the  north-seeking 
pole-piece  to  pass  through  the  armature  to  the  south-seeking  pole-piece. 

P^'g-  475  ''  represents  the  magnetic  circuit  of  one  of  the  early  forms  of 
the  Gramme  dynamo.  It  consists  in  effect  of  two  electro-magnets  united  by 
the  pole-pieces,  the  electro-magnets  having  similar  poles  facing  one  another. 
The  yokes  and  cores  shown  are  too  thin  and  long  for  a  good  magnetic  circuit, 
anc'  in  this  respect  are  worse  than  a,. 

i^'ig.  475  e  shows  the  carcase  of  the  original  drum  machine  of  Siemens. 
The  non  of  the  field-magnet  consisted  of  a  number  of  forged  bars  of  the 
shape  shown,  united  in  parallel  at  their  ends  and  overwound  with  the 
magnetising  coils.  No  special  poie-pieces  were  used,  the  central  spaces 
between  the  magnetising  coils  serving  this  purpose.  Here  again  the  magnetic 
circuit  is  poor. 

In  Fig.  475  /;  which  represents  the  magnetic  circuit  of  the  Brush 
machine  already  described,  the  two  electro-magnets  are  separated  and  each 
has  its  own  pole-piece,  the  two  pole-pieces  at  the  top  being  similar  to  one 
another.     The  armature  ring  is  seen  edgeways. 

Fig.  475  f!  represents  the  somewhat  remarkable  magnetic  circuit  of  the 
Thomson-Houston  dynamo,  which  we  shall  describe  fully  later.  The  external 
pieces  «  are  rods  of  iron  which  make  the  machine  resemble  a  squirrel  cage, 
enclosing  a  spherical  armature  with  the  magnetising  coils  and  pole-piects. 

Ihe  last  two  diagrams  h  and  i  represent  multipolar  machines.  In  h  the 
magnet  has  six  poles  directed  inwards  from  a  massive  continuous  outer  yoke. 
The  magnetising  coils  are  wound  on  the  polar  projections,  which  are  alter- 
nately N  and  S.  The  armature  rotates  in  the  centre  of  the  six  poles,  and  the 
wires  on  its  periphery  (  ut  the  magnetic  lines  as  they  cross  the  polar  gaps. 

In  i  the  previous  machine  is,  as  it  were,  turned  inside  out,  except  that  the 
number  of  poles  has  been  changed  from  six  to  four.  The  field-magnet  has  been 
placed  inside  the  armature  and  the  revolving  armature  outside.  In  this  case 
it  is  the  iniii-r  wires  of  the  ring-wound  armature  that  are  active  and  the 
outer  ones  idle.     The  machine  is  one  of  Siemens  and  Halske's  design. 

The  above  examples  will  be  sufficient  to  familiarise  the  reader  with  some 
of  the  typica.  early  torms  of  the  magnetic  circuits  of  dynamos  and  to  draw 
attention  to  the  salient  considerations  underlying  good  design.  In  the 
?equcl  other  fulliUS  wiii  be  fully  dealt  with  in  LulllleLtiull  with  de=ciij>liuiia  of 
the  machine^  tlieniselves. 

Magnetic  Leakage. — In  connection  with  the  important  subject  of  mag- 
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iKtic  Icika^f,  the  iL.nlit  sliuiilil  iDiiip.i.c  V>n-  47')  .111. 1  477,  uhuli  i(|iir^iiit 
(.ttiiiiK  v.tMM'ii  II I  111  I  ~tilc.  I'iu.  476  ili|>i>  (^  llic  iLSiill  el  a  n  ^i.itili  l)v  III  I  ir  11; 
nil  the  li-.ik.iyr  licld  "f  llic  KiIImih  "  jiiiiibo"  (Ivn.iino  airt  ,iilv  riltrriil  t'p  in 
'''K-475''-  '■"'  ili'.ti 'ic^s  iiiiiicut  tlic  iimIiiI  liiic^  .iti.-  drawn,  tin  ili.njrain  onh 
showiiiK  the  general  (lisp'vition  of  the  waste  or  leakaRe  lines.  When  the 
niacliine  is  luliy  excited  the  whole  of  the  space  in  its  iiein'ibourlKwd  is  stiuiiKly 
permeated  with  maKlielic  lines  ol  force  passniR  in  the  directions  indi(  atcd  by  the 
arrows.  It  will  be  re'iienibcied  tliat  the  inaRnetisin>;  coils  are  di>po-eil  unsyni- 
metrically,  there  being  a  greater  number  at  the  top  than  at  the  bottom.  The 
figure  shows  two  upper  and  one  lower  core.  The  waste  consequent  on  putting 
similar  cores  in  parallel  is  thown  by  the  fact  that  a  magnetic  field  was  found 
between   the   two   upper 

cores.  Incidentally  it  may    -'.^^     .■■■' i:^ '///:/.  ■'     ^ ";    '''\\■':^^    '- ^ 

be  remarked  that  dividing 
up  the  iron  in  this  way 
requires  a  far  greater 
length  of  conducting 
wire  to  provide  the  same 
number  of  efTective  am- 
pere-turns. When  the  dif- 
ferent M.  M.  K.'s  are  in  par- 
allel, the  effective  M.  M.  v. 
is  only  the  same  as  could 
be  produced  by  a  single 
coil.  The  wire  of  such 
a  coil,  surrounding  a 
single  cross  section  of 
core  equal  to  the  sddeii 
cross  sections  of  the  sepa- 
rate cores,  would  obvi- 
ously be  much  shorter  chan  when  the  cores  are  separate,  whilst  the 
magnetic  reluctance  would  be  the  same. 

•\  very  cursory  examination  of  the  figure  convinces  one  that  a  very  large 
proportion  of  the  M.  M.  F.  of  the  nngnelising  coils  is  being  spent  in  maintain- 
ing lines  of  force  that  are  useless  (or  producing  E.  M.  K.'s  in  the  wires  of  the 
rotating  armature. 

Contrast  all  this  with  Fig.  477,  which  represents  an  iron-clad  ft;ickenieyer 
dynamo,  built  in  accordance  with  a  suggestion  made  by  Forbes.  In  this 
machine  there  is  only  one  magnetising  coil  //,  which  is  wound  over  the 
armature.  The  coil  and  armature  are  surrounded  by  the  iron  of  the  field* 
magnet,  hence  the  term  "ironclad."  The  reason  for  Forbes'  suggestion  b 
ttiat  as  the  primary  object  of  tiie  ni.ignetising  coil  is  to  pass  lines  of  force 
through  the  armature  it  will  be  in  the  best  position  to  efTect  this  when 
wound  as  shown  in  the  figure.     In  this  view  of  :ht^  matter  the  remainder  of 
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the  iron,  nanitly,  that  not  contained  in  the  armature,  is  introduced  merely 
for  the  purpose  of  reducing  the  reluctance  of  the  path  that  the  hnc>  must 
follow  in  completing  their  circuit  round  the  ntagnetising  current.  A  few 
lines  are  drawn  as  passing  through  the  air,  but  these  are  not  leakage  lines  in 
the  proper  sense  of  the  term,  for  their  path  also  is  in  series  with  the  armature, 
through  which  they  pass  and  produce  their  *'itl  effect  on  the  k.  m.  k.  ot  the 
machine. 

Magnetic    Reactions.— By    Lenz'    law    the   currents   induced    in   the 

_,        -    -^^  armature  of   a   dynamo   must   be 

^''  ^ -,  in  such  a  direction  as  to  tend  to 

retard  the  operations  which  gen- 
erate them,  namely,  the  cutting 
by  the  conductors  of  the  arinatun- 
of  the  lines  of  force  set  up  by 
tile  ticlil  magnet.  The  only  way 
in  which  the  currents  can  so 
oj)erate  is  through  the  medium 
of  the  magnetic  effect  they  pro- 
duce. This  magnetic  effect  must, 
therefore,  be  such  as  to  retard  the 
relative  motion  of  the  conductor! 
and  the  field. 

We  should,  therefore,  expect 
to  find  that  the  field  set  up  by 
the  currents  in  the  armature  in- 
terfered in  some  way  or  other  with 
the  field  due  to  the  field  magnets. 
-As  a  matter  of  fact,  the  former 
field  is  superposed  on  the  latter, 
and,  therefore,  there  must  be  a 
change  in  the  magnetic  flux 
through  the  armature  either  in 
magnitude  or  direction,  or  both. 
An  examination  of  the  funda- 
mental experiments  on  magneto-electric  induction  shows  that  in  them  the 
induced  currents  interfere  with  the  field  which  is  an  essential  factor  in 
their  generation.  In  Fig.  386  the  approach  of  the  magnet  generates  currents 
whose  fieli  weakens  the  field  due  to  the  approaching  magnet ;  whilst, 
when  the  I'l.igu^:  is  receding,  the  field  set  up  by  the  currents  tends  to 
strengthen  the  tield  due  to  the  magnet.  Similar  observations,  whic'>  the 
readei  caii  •.'.•■rk  i-jt  foi  himself,  -pply  to  tht;  cxperimcntb  c  ■•;;,ccted 
with  Fig.  387. 

The   case  of  the  magnetic,  or,  as  they  are  usually  called,  the  armature, 
reactions  in  a  dynamo  is  more  ct.-nplex,  and  the  polar  theory  of  magnetism 
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cannot    assist    u»    very    much    in     examining    it.       It,   however,   become* 
fairlv  siniple  when  lonsiilcrcd  by  the  aiil  of  lines  of  force. 

\Ve  liave  in  Fij;.  45"*  jjivcn  a  diagram  of  the  magnetic  field  passing 
through  the  armature  of  an  ordinary  two-pole  continuous  current  dynamo, 
it  being  supposed  u.  .  there  ii  no  current  in  the  armature  wires,  and 
that,  therefore,  th^  .  1  j- 
magnets  .ire  excited  Iron,  a 
separate  source.  Fig.  47'* 
shows  the  conver.se  case  111 
which,  the  field  magnets 
being  unexcited,  a  current 
from  a  separate  source  is 
passed  through  the  armature 
in  the  direction  in  which 
the  induced  currents  would 
flow  if  the  machine  were  in 
action.  Uemembering  that 
the  currents  on  the  right- 
hand  or  descending  side  will  be  flowing  from  the  spectator,  whilst  those  en 
the  left-hand  or  ascending  ^ide  will  be  flowing  towards  the  spectator,  it  it 
easy  to  sec   that  the  field   produced  will  pass   vertically  upwards  through 

the  iron  and  return 
outside  the  conductors 
in  some  such  paths  as 
are  indicated  in  the 
figure. 

I^t  this  field  now 
be  superposed  on  the 
field  shown  in  Fig.  458, 
and  the  result  will  be, 
in  a  general  way,  that 
depicted  in  Fig.  479. 
At  the  leading  horn 
a  of  the  .V  pole-piece 
the  two  fields  are  op- 
positely directed,  with 
the  result  that  the 
field  -  magnet  field  is 
more  or  less  weakened  , 
whilsi  at  the  trai  ng  horn  h  the  two  fields  are  in  the  same  direction, 
and  the  resultant  field  is  strengthened.  Similar  efTects  occur  at  the  s 
pole-piece,  the  field  under  the  leading  horn  c  being  weakened  and  that 
under  the  trailing  horn  d  strengthened.  The  effect  may  be  summed  up 
by  sa)ing  that  the  field  of  the  dynamo  u  twisted  round  in  the  direction 
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of  the  rotation  of  the  armature.  The  results  are  shown  as  mapped  out 
by  iron  filings  in  Fig.  480.  Some  important  consequences,  which  we 
shall  now  briefly  discuss,  follow   from  this  superposition  of  fields. 

Lead  of  the  Brushes. — Since  the  field  has  been  twisted  round  in  the 
direction  of  rotation  the  proper  position  for  the  brushes  is  no  longer 
the  symmetrical  one  shown  in  Fig.  45S.  The  theory  there  set  forth 
shows  that  the  brushes  should  be  on  those  sections  of  the  commutator 
which  are  connected  to  coils  which  are  not  cutting  lines  of  force,  that  is, 
to  coils  in  the  neutral  position.  But  the  neutral  position  has  been  shiited 
round  by  the  magnetic  reactions,  and,  therefore,  the  brushes  must  follow. 
This  will  lead  to  a  further  slight  twisting  of  the  field,  which  must  again 
be  followed  up,  and   so  on  until  the   brushes  come  into   the  true   neutral 

position,  which  they  can 
catch  up,  because  the  field, 
due  to  the  armature,  is  much 
weaker,  even  at  full  load, 
than  that  due  to  the  field 
magnets.  In  fact,  for  spark- 
less  commutation,  as  we  shall 
show  in  due  course,  the 
brushes  must  be  advanced 
a  little  past  the  neutral 
position. 

If    the    field    be     much 

ri,.  480 -T.U«dFi.id«d.ow.b,  Iron  rUinp.  '^'^^^'^      =>*     ^""     'o=>«l     ''     » 

evident  that  at  half  or 
quarter  load  it  will  not  be  nearly  so  much  twisted,  hence  the  necessity  for 
mounting  the  brushes  in  some  kind  of  mckiuir  device  which  will  allow 
them  to  be  fixed  in  different  positions  for  different  loads.  In  some 
modern  dynamos  one  object  of  the  design  is  to  make  the  angle  of  lead 
at  full  load  so  small  that  the  brushes  do  not  need  to  be  shitted  much 
as  the  load  varies.  This  can  obviously  be  accomplished  by  making  the 
field-magnet  field  very  much  more  powerful  than  the  armature  field. 

Demagnetising  and  Cross-magnetising  Effects.— ThQ  effect  of  the  twist- 
ing of  the  field  may  be  represented  in  another  way,  namely,  by  dividing 
the  disturbing  currents  into  two  groups,  one  of  which  may  be  regarded 
as  having,  on  the  whole,  a  r/^-magnetising  effect,  tending  to  weaken  the 
field  due  to  the  field  magnets  ;  and  the  other,  a  crojj-magnetising  effect, 
tending  to  produce  a  field  at  right  angles  to  the  other.  This  method  of 
analysing  the  phenomena  has  been  very  prettily  illustrated  in  a  diagram- 
matic  form  by  Dr.  S.  P.  Thompson,  to  whom  Figs.  4S1  and  4S2  are  due. 
In  these  figures  the  small  circles  represent  the  cross-Sections  of  the  con- 
ductors ;  the  circles  with  a  dot  in  the  centre  are  conductors  carrying 
currents   towards    the    spectator,    the  dot    representing    the    point   of    an 
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approaching  arrow  ;  whilst  tiie  circles  with  crosses,  which  represent  the 
feathers  of  retreating  arrows,  are  conductors  carrying  currents  away  from 
the  spectator.  The  line  n  n  (Fig.  4S1)  is  the  diameter  passing  through 
the  position  of  the  brushes,  and  it  is  in  passing  this  line  that  the  currents 
are  reversed  in  the  conductors.  The  lines  b  c  and  a  d  are  drawn  at  right 
angles  to  the  line  of  the  poles  n  s,  through  the  points  where  n  n  cuts  the 
outer  circle  of  the  iron.  Now  the  eight  conductors,  four  at  the  top  and 
four  at  the  bottom,  between  b  c  and  a  d,  will  set  up  a  field  directly 
opposed  to  the  principal  field  n  s  ;  this  is,  therefore,  a  demagnetising  field  ; 
it  is  represented  by  the  horizontal  lines  in  Fig.  4HJ.  The  other  24  con- 
ductors, twelve  on  each  side,  produce  a  vertical  field  upwards  at  right 
angles  to  the  field  of  n  s  ;   this  troii-magnetising   field   is  represented   by 
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Fig  4S1.— Analysts  of  the  Maf[nelic  reaction  of  the  Armatnr* 
Cutrents. 


the  vertical  lines  in  Fig.  4S.:.  It  may  seem  somewhat  arbitrary  thus  to 
divide  the  currents  without  reference  to  the  sequence  in  which  they 
follow  one  another  in  the  actual  circuit,  but  it  is  quite  justifiable  ;  for 
the  physical  eflTect  of  the  currents  in  any  position  is  quite  independent  of 
the  connections  by  which  they  arrive  at  that  position,  and  for  purposes 
of  illustration  or  calculation  they  may  be  grouped  in  any  way  consistent 
with  the  conditions  and  without  reference  to  the  connections,  provided 
the  magnetic  effect  of  the  latter  may  be  neglected. 

The  chief  result  obtained  is  that  the  demagnetising  eflect  increases 
with  the  number  of  conductors  between  b  c  and  a  d — that  is,  with  the  angle 
of  lead — and  also  with  the  current  these  conductors  carry — that  is,  with 
the  load  on  the  machine.  Its  value  in  am/>ere  turns  may  obviously  be 
found  by  multiplying  halt  the  number  of  conductors  by  the  current 
carried  by  each,  all  these  currents  being  equal  to  one  another. 

Hagnetisingr  Coils. — We  come  now  to  the  position  and  connections  of 
the  magnetising  coils.     An  examination  of  Fig.  475  will  show  that  these 
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coils  may  be  so  placed  in  two-pole  machines  that  the  M.  M.  K.'s  produced 
are  either  in  series  in  the  magnetic  circuit  (Figs.  a„  a,,  b,  c  and  g)  or 
partly  in  series  and  partly  in  parallel  (Figs,  d,  e  and  f).  In  other  forms, 
not  shown  in  the  diagram,  single  magnetising  coils  are  used,  or  the 
M.  M.  F.'s  of  two  coils  may  be  simply  in  parallel.  In  four-pole  machines 
nearly  every  possible  position  has  been  used,  whilst  in  multipolars  they 
may  be  placed  on  the  polar  extensions  (Figs.  //  and  »'),  or  on  the  yokes. 
In  fact,  the  position  chosen  for  the  coils  is  largely  controlled  by  conveni- 
ence for  winding,  the  exigencies  of  manufacture  ana  other  considerations 
hr-.ing  more  eflect  on  the  general  design  of  the  magnetic  circuit. 

Turning    from    tlie    position    of  the  coils   in   the   magnetic   circuit   to 

their  electrical  connections,  we  first  ob- 
serve that  the  excitation  produced  in 
a  given  magnetic  circuit  depends  upon 
the  ampere  turns  {see  page  2'<\)  of  the 
extiiing  coil.  It  can,  therefore,  be  ob- 
tained  {a)  by  a  few  turns  of  thick  wire 
carrying  a  large  current  ;  or  (b"  by  many 
nuire  turns  of  finer  wire  carrying  a 
much  smaller  current ;  or  (r)  by  tPy  con- 
venient combination  of  these 

Where  the  cunent   is       •  ,i         .  the 
turns  few,  it  must  obviously  whole 

current  of  the  machine.     Ti  hod  of 

connection  is  known  as  the  scncs  method, 
since  the  field  magnet  coils  are  in  series 
with  the  outer  or  "  main  "  circuit  of  the 
machine,  as  shown  in  Fig.  48;.  It  is  a 
matter  of  indifference  whether  the  coil 
be  joined  to  the  positive  brush,  as  in 
the  figure,  or  whether  it  be  placed  next  to  the  negative  brush,  or  split 
into  two  coils,  one   connected  to  each  brush. 

But  instead  of  the  scrits  arrangement  we  may  excite  the  magnets  by 
a  circuit  which  is  a  shtitit  on  the  outer  one.  This  shunt  arrangement  is 
shown  in  Fig.  4S4  ;  the  cu;  rents  divide  at  b,  one  branch  flows  through 
the  coils  of  the  magnets,  the  other  branch  flows  through  the  outer 
circuit  to  b„  where  the  two  branches  unite  again  and  return  to  the 
armature.  We  know  that  in  divided  conductors  the  magnitude  ot  the 
current  in  the  ditlerent  br.iiichcs  is  inversely  proportional  to  the  re- 
sistances in  these  branches.  Therefore,  when  the  resistance  in  the  outer 
circuit  is  increased,  a  l.irger  proportion  of  the  current  will  tlow  into  the 
coils  of  the  ni.ignets  ;  when  the  resiitance  decreases,  the  current  in  th« 
coils  of  the  magnets  will  also  decrease. 

The  third  method  (t)  ol  connection,  known    as  compound  winding,  in 
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which  both  shunt  and  teries  coils  are  employed,  is  chiefly  used  where  it 
is  necessary  to  keep  the  p.  i>.  of  the  brushes  constant  through  wide 
variations  of  load  in  the  outer  circuit.  Its  details  will,  therefore,  be  more 
appropriately  discussed  when  we  are  dealing  with  questions  of  regulation. 
By  its  means  the  demagnetising  effeit  of  the  armature  may  be  counteracted. 

V. — ELEMENTARY    THE     -Y    OF    THK    CONTIMOIIS    CURKENT    nVNAMO. 

There  are  two  chief  methods  by  which  one  may  examine  the  relations 
between  e.  M.  p.,  current,  power,  resistance,  etc.,  in  Jic  circuits  of  a  dynamo 
machine,  namely,  either  (a)  graphically  or  (b)  analytically.  We  shall  use  both 
methods,  but  as  the  former,  the  graphic  method,  is  iK-'rluips  more  casil) 
followed  we  shall  commence  by  exhibiting 
a  few  interesting  properties  by  its  aid. 

Graphic    Diagrams. — In    order    to 

examine  the  behaviour  of  a  machine  an 
excellent  method,  and  one  easily  applied, 
is  to  plot  out  a  diagram  of  measure- 
ments on  squared  paper,  i>.,  to  make  a 
graphic  representation  of  the  quantities 
which  are  characterisfic  of  the  machine. 
As  a  rule  the  squared  paper  only  allows 
two  principal  quantities  to  be  repre- 
sented directly,  but  by  a  proper  choice 
of  these,  and  taking  advantage  of  known 
laws,  other  quantities  connected  with  the 
principal  two  may  be  deduced  or  even 
graphically  calculated. 

The  general  method  of  representing 
the  theory  of  dynamos  by  means  of 
graphic  diagrams  was  ileveloped  by  Hop- 
kinson  in  1879,  and  has  been  further  worked  out  by  Deprez,  Frolich, 
S.  P.  Thompson,  and  others.  As  the  curves  are  drawn  from  observation 
and  actual  measurements  they  serve  both  as  checks  and  .llustrations  of 
conclusions  arrived  at  by  means  of  mathematical  analysis,  and  also  have  led 
to  further  conclusions  which  cannot  well  be  otherwise  obtained.  To  the 
curves  we  are  now  going  to  discuss  Deprez  gave  the  name  of  characteristics. 

Characteristic  Curves.— Take  a  dynamo  machine  and  magnetise  the 
field-magnets  by  a  current  from  another  machine,  »>.,  let  it  be  separately 
excited.  Rotate  the  armature  at  a  definite  speed,  and  measure  the  electro- 
motive force  produced.  If  the  exciting  current  round  the  field-magnets 
be  varied,  the  strengths  of  the  magnetic  field  will  be  correspondingly 
varied,  and  a  given  potential  difference  e  at  the  terminals  of  the  armature 
will  correspond  to  each  value  •■-  cf  the  exciting  current.  If  we  now  plot 
the  different  values  of  c  in  the  exciting  circuit  horizontally,  and  »  in  the 
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induced  circuit  vertically,  a  curve  termed  the  characteristic  curve  connect- 
ing these  quantities  will  be  obtained,  the  form  of  which  depends  en  the 
construction  of  the  machine. 

If  we  now  arrange  the  machine  as  a  srnis  dvnamo,  by  connecting  the 
armature  and  field-magnets  in  series,  then  we  obtain  the  characteristic  curve 
under  the  condition  that  the  current  produced  is  the  same  as  that  which 
excites  the  (ield-magnets,  and  which  also  will  produce  armature  reactions. 
Measurements  are  to  be  taken  of  the  simultaneous  values  of  the  current 
and  the  p.  d.  at  the  terminals  of  the  machine,  whilst  the  resistance  in  the 
main  circuit  is  varied.  From  these  measurements  the  curve  a  k  n  (Fig.  4^;) 
is  to  be  plotted,  and  when  once  constructed  for  any  definite  speed  it  will 

enable  us  to  find  the 
particular  value  of  the 
current  represented  by 
A  E,  which  corresponds 
to  a  given  p.  d.  repre- 
sented by  E  F,  or  vice 
versa. 

If  the  electromotive 
force  E  and  the  strength 
of  current  c  be  known 
the  resistance  can  be 
determined  graphically 
by  means  of  Ohm's 
law.  Thus  at  the  point 
G  of  the  curve  a  g  c 
(Fig.  485),  which  gives 
the  relation  between  the 
E.  M.  F.  of  the  machine 
and  the  current, 


Fig.  485.— Chaimcteristic  Curw, 
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E  =  CXR,  orR=-  = =  tan  g  a  e. 
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Thus   the  total  resistance   is  expressed  by  the   tangent  of  an  angle  which 
can  be  graphically  constructed. 

In  a  similar  manner  by  means  of  these  graphic  methods  many  problems 
relating  to  dynamo  machine  circuits  may  be  solved.  If,  for  example,  we 
start  with  a  definite  resistance  and  gradually  diminish  it,  the  line  a  o 
the  inclination  of  which  measures  the  resistance,  will  have  to  be  drawn 
at  a  gradually  diminishing  inclination  to  a  x,  in  the  direction  a  c.  On 
comparing  the  values  of  g  e  for  diflferent  positions  of  g,  it  will  be  seen 
that  the  value  of  k  at  first  increases  rapidly,  then  more  slowly,  and 
finally  remains  constant,  or  slightly  falls.  If  we  now  increase  the  resistance 
the  line  a  g  approaches  the  vertical  axis,  and  will  cut  the  curve  nearer  and 
n^r^  the  ongm  a,  and  at   the  position  A  n  will    be   a   tangent   to   the 
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curve.  With  the  resistance  in  circuit  equal  to  or-  exceeding  the  resist- 
ance represented  b}'  this  limiting  position,  the  machine  will  not  produce 
a  current  at  all  ;  in  other  words,  for  these  resistances  the  machine  is  not 
self-exciting,  it  cannot  "  build "  up  its  magnetism. 


Draw  the  line   am   so  that   the   total   resistance   k  =  - -"^ 

A   K 

and 


The 


pro- 


ducing A  M  to  G,  and  drawing  d  h  vertically,  we  find  that  with  this 
particular  value  of  R  the  current  c  produced  will  be  equal  to  a  k,  and 
the  E.  M.  V.  will  be 

G  K 
K  =  G  E  =  A   E— —  =  C    X    R. 
A  E 

We  also  find  that  f  k  will  be  the  p.  d.  at  the  terminals  when  this  total 
resistance  is  in  circuit. 

Commutator  Curves. — Another  important  graphic  diagram  is  formed 
by  plotting  out  the  difference  of  potential  between  one  brush  t>f  the  current 
collector,  and  each  of  the  bars  of  the  commutator.     In  a  well-constructed 
dynamo-electrit.  machine  the  several  parts  are  traversed  by  currents  which 
come  from  the  negative  brush  and  traverse  the  two  divisions  of  the  winding, 
and  meet  in  that  piece  of  the  commutator  which  touches  the  positive  brush. 
Every  division  or  bobbin  of  the  armature  adds  its  elec- 
tromotive force  to  that  of  the  preceding  one,  and  there- 
foie  increases  the  e.  m.  f.  of  the  circuit.     If,    now,  the 
potential  between  the  negative  brush  and  the  succeeding 
sections  of  the  commutator  be  measured,  it  will  be  found 
that   it  increases   regularly  in    both   directions,  linearly 
on   the   commutator,  and   attains  its  maximum   at  the 
opposite  side,  where  the  positive  brush  is.     This  can  be 
proved  experimentally  by  the  aid  of  a  suitable  galvano- 
meter, one  pole  of  which  is   attached   to   the  negative 
bru.sh,  while  a  flexible  piece  of  copper   is   attached    to 
the  v>:her  pole,  and  with  it  the  several  radial  pieces  of  the  commutator  are 
toucht..  in  succession.      If  the  several  observed  differences  of  potential  be 
graphically  recorded   on   a   drawing  of  the  periphery  of  the  commutator, 
a  diagram  like  that  given  in  Fig.  486   will  be  obtained.     In  this  way  we 
can  observe  the  regular  growth  of  the  potential  from  the  lowest  point  ot  the 
circle,   which   represents  the  negative   brush,  up  to  the  maximum  of  the 
positive  brush.     If  these  graphic  values  are  represented  on  a  straight  line, 
which  will  be  equivalent  to  imagining  the  periphery   of   t!ie   commutator 
as   unrolled   upon   a  plane,   the   diagram   represented  in   Fig.  4H7   will    be 
obtained.     This  shows  that  the  potential  does  not  increase  regularly  between 
the  neighbouring  segments  ;    if  it  did,  the  curves  would  resolve  themselves 
into  two  straight  lines.     In  reality,  the  increase  of  potential  proi  ceils  most 
slowly  in  the  lleinhbourh"o.l  of  the  two  bruslics.  and  the  rate  o!   iiurtn'.-.e  is 
greatest  at  the  point  about  90"  from  the  bruslies.    It  is  there  that  the  bobbins 
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Ht;.  4S7  — Horuontal  diagram  of  PnK'titials. 


of  the  armature  pass  the  part  of  the  magnetic  field  which  exerts  the  greatest 
inductive  action.  If  the  magnetic  field  were  entirely  uniform,  the 
number  of  lines  of  fore  -ut  by  the  wires  rotating  in  the  field  would  be 
proportional  to  the  si  of  the  angle  which  the  plane  of  the  bobbin 
makes  with  the  direction  of  the  magnetic  lines  of  force.  This  is  nearly 
the  case  represented  in  Figs.  4S6  and  487. 

The  measurements  relating  to  the  division  of  the  e.  m.  f.  at  the 
commutator  are  of  great  practical  interest.  They  not  only  show  where  the 
brushes  should  be  placed  in  order  to  gain  the  best  effect,  but  enable  us  to 

compare  the  efficiency  of  the  windings 
in  various  parts  of  the  magnetic  field. 
If  the  brushes  are  located  at  the  wrong 
place,  or  if  the  pole-pieces  of  the  field- 
magnets  have  a  wrong  shape,  the  rise 
of  the  potentials  at  the  commutator  will  be  irregular,  and  maxima  and 
mnuma  will  be  observed  at  other  points  than  those  where  the  brushes 
touch  the  commutator,  .-^n  actual  diagram  o^  <he  relations  of  the  poten- 
tials  at  the  collector  of  a  machine  of  faulty  construction 
is  shown  in  Fig.  4S«.  It  is  transferred  to  a  horizontal 
line  in  Fig.  489.  By  these  diagrams  it  will  be  seen  that 
the  division  of  potential  at  the  commutator  is  irregular, 
and  so  much  so  that  one  portion  of  the  commutator  has 
a  greater  positive  potential  than  the  positive  brush,  and 
another  portion  a  greater  negative  potential  than  the 
negative  brush.  Therefore  one  portion  of  the  h.  m.  f. 
produced  by  the  machine  is  destroyed  by  another  portion  ; 
and  it  would  be  possible  to  lead  off  another  current  by 
another  pair  of  brushes  placed  so  as  to  touch  the  commutator  at  these  points 
of  maximum  and  minimum  potential. 

Characteristic  Curves  of  Various  Machines.— In  Fig.  490  we  have 

^^'~— ^'^  -^  brought  together  for  compa-ison  the 

.t;;''         '  ^1^  ~— ^----^^.    go  w<.     characteristics    of    various    types     ^\ 

Fig.  4S9.-Th.  Mm.  horii^nsC^  machines,  each  characteristic  express- 

ing the  relation  between  the  \\  n.  of 
the  machine  and  the  current  in  the  external  circuit.  Such  characteristics 
are  called  "  external  characteristics;^  and  they  are  the  ones  of  most  interest 
to  the  user  of  the  machine,  for  they  tell  him  exactly  what  to  expect  in 
the  external  circuit.  Each  curve  is  drawn  for  the  normal  speed,  which  is 
supposed  to  be  kept  constant. 

In  these  diagrams  the  current  c  in  the  external  circuit  is  measur-'d 
horizontally  in  the  direction  o  r,  and  the  p.  n.  (x)  at  the  terminals  of  the 
machine  is  measured  vertically  in  the  direction  o  v. 

The  first  curve  a  v  p  represents  the  external  characteristic  of  a  machine 
With  permanent  ma.^wis  or  ol   a  aeparately  excited  dynamo,   in   which  the 
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exciting  current  is  kept  constant.  The  point  a  represents  the  p.  n.  at  the 
terminals  when  there  is  no  current  in  the  outer  circuit  ;  this  is  the  full  k.  m.  k. 
of  the  machine.  As  the  current  in  the  outer  circuit  increases  the  p.  D. 
falls  slightly  because  the  volts  (c:  r)  "  lost "  in  the  in.ichine  increase  with 
C,  the  resistance  rof  the  machine  remaining  constant.  This  fall  is  a  simple 
consequence  of  Ohm's  law  ;   it  continues  regul.irly  along  a  straight  line  tr  »». 

eHP  AKP  6H.PaHP  IOH.P    IAH.P       I6HJ> 
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After  p,  instead  of  continuing  along  ilie  >ti;iiglit  line  to  p' ,  the  P.  n.  drops 
more  and  mere  rapidly  to  />,  showing  that  some  other  e'  ,.  I  is  hcing 
produced.  This  more  rapid  fall  is  due  to  ;i  diminution  of  the  k.  m.  k.  of  ihc 
machine  caused  by  the  demagnetising  cHl'ct  of  the  now  large  current  in  the 
armature  wires;  this  weakens  the  field,  .ind  consequently  decreases  the 
E.  M.  K.  The  experiment  stops  al  />,  as  the  machine  will  not  carry  mure 
current  without  overheating. 

The  ne.xt  curve  s  s'  s"  s'"  is  that  of  a  scries  dynamo.  The  p.  n.  (o  s)  on 
open  circuit  is  due  to  the  residual  magnetism  of  the  machine,  owing  to  which 
the  curve  does  not  start  from  the  origin  o.  With  a  very  l.irge  resistance  in 
ihc  uulcr  circuit,  as  haa  already  been  pointed  out,  tiic  magneli:ini  wilt  not 
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"build,"  and  the  v  and  c  remain  very  small.  As  the  resistance  is  gradually 
diminished,  a  critical  value  is  reached  which  if  very  slightly  reduced  will 
cause  the  machine  to  "build"  rapidly,  the  v  quickly  rising  to  the  value 
indicated  by  s'.  After  this  the  rise  is  less  rapid  owing  to  the  iron  becoming 
ai.-^iost  saturated,  until  at  s"  the  curve  becomes  horizontal  because  the 
increasing  value  of  the  lost  volts  and  the  influence  of  the  current  in  the 
armature  together  counterbalance  any  increase  due  to  the  increase  in  the 
exciting  current  which  is  also  the  current  c.  Past  s"  the  above-named 
adverse  influences  more  than  counterbalance  the  increase  in  the  excitation, 
and  the  curve  falls  more  and  more  rapidly  to  s"',  where  the  experiment  ij 
stopped  by  the  heating  effect  of  the  current  becoming  dangerous. 

The  curve  a  z  z'  z"  z'",  the  external  characteristic  of  a  shunt  wound 
dynamo,  is  perhaps  the  most  interesting  of  the  three,  as  it  shows  a  curious 
interaction  of  electrical  laws.  The  electrical  connections  are  as  in  Fig.  4H4, 
in  which  it  will  be  observed  that  whether  there  be  current  in  the  outer 
circuit  or  not  thp  magnetising  circuit  is  closed.  It  follows  that  e%en  when 
there  is  no  current  in  the  outer  or  "  main  "  circuit  there  is  full  pressure  at  the 
brushes,  and,  therefore,  the  curve  starts  at  its  highest  point  a.  If  the  main 
circuit  be  then  closed  through  a  somewhat  high  resistance  which  is  gradually 
reduced,  the  pressure  falls  with  the  first  increases  of  the  current  c  along  a  fairly 
straight  line,  the  droop  in  which  is  at  the  beginning  mainly  due  to  the  lost 
volts  in  the  armature  caused  by  the  extra  current  which  is  now  passing 
through.  Other  causes,  however,  come  more  or  less  quickly  into  play  to  disturb 
the  straight  line  regularity  of  the  droop.  ,  The  first  is  that  the  mere  drop  of 
pressure  at  the  brushes  due  to  the  extra  lost  volts  in  the  armature  diminishes 
the  current  in  the  magnetising  circuit,  and,  therefore,  the  strength  of  the 
magnetic  field,  thus  reducing  at  its  source  the  total  pressure  (e.  m.  f.) 
available.  It  will  depend  upon  the  part  of  the  magnetising  curve  (Fig.  252) 
in  use  at  the  time  how  soon  this  disturbing  cause  will  make  itself  felt. 
Secondly,  as  the  current  in  the  armature  grows,  the  magnetic  reactions 
increase,  tending  still  further  to  weaken  the  field  and  to  cut  down  the 
E.  M.  F.  These  disturbing  causes  make  their  existence  felt  more  and  more 
rapidly  as  the  external  resistance  is  reduced,  and  the  curve  falls  with  increas- 
ing slope  until  at  z'  it  tumbles  sheer  over.  If  the  experiment  be  continued 
and  the  resistance  in  the  main  circuit  still  further  reduced,  the  curve  turns 
back  in  the  direction  z"  z'".  At  this  stage,  unless  the  dynamo  be  driven  very 
steadily  at  a  dead  constant  speed,  it  is  very  difficult  to  obtain  readings,  for  the 
conditions  tend  to  instability,  but  by  careful  working  the  curve  may  be  traced 
to  the  neighbourhood  of  z",  below  which  all  serviceable  magnetising  current  is 
practically  drained  out  of  the  electro-magnets,  and  the  machine  ceases  to  act  as 
a  dynamo.  It  is  curious  to  note  that  the  latter  part  of  the  curve,  which  is  fairly 
straight,  is  not  directed  towards  o,  but  towaids  a  point  z'"  well  to  the  right  of  o. 
r,Mer  Lines.— Wti  have  already  shown  (Fig.  4«s)  how  the  resistance 
corresponding  to  any  point  on  the  diagram  may  be  graphically  obtained,  but 
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an  even  more  important  iiuantity.  naintly,  the  electrical  horsepower  (F.H.r.), 
can  be  iiulic.ited  reailiiy  mi  the  (li.ii^r.im.  For  this  purpose  a  serie  if  curves 
must  he  drawn  h.ivinj;  tlie  pro|)eit\  that  tor  every  point  on  any  particular 
line  the  priKluct  of  amperes  x  volts  shall  he  the  same.  We  have  already 
explained  that  the  product  of  anipfics  x  vil(s  jjives  the  electrical  power 
in  watts,  and,  reinemherinn  that  74(1  watts  are  equivalent  to  the  engineer*' 
"  horse-power"  {sec  page  '7  0,  we  have 


Electrical  Horse-Power   = 


volts 


X  amperes 

Such  curves  have  been  drawn,  and  are  shown  in  11^111  lines  in  Fij;.  400  for 
I,  2,  ^.  6,  8,  10,  14  and  18  E.  h.  p.,  the  value  of  the  power  for  each  curve  bein^ 
marked  at  the  two  ends.  By  means  of  these  curves  one  can  readily 
determine  the  points  of  the  various  characteristics  at  which  any  of  these 
powers  are  being  used  in  the  external  circuit,  and  for  intermediate  powers 
the  points  can  be  indicated  approximately  by  interpol.ition. 

It  is  interesting  to  note  how  the  shapes  of  the  various  characteristics 
indicate  the  maximum  power  that  the  machines  can  exert  in  their  main 
circuits.  Thus,  for  the  shunt  dynamo,  whose  curve  A  z'  z"  is  given,  the 
power  m  the  main  circuit  at  the  speed  of  the  experiment  can  never  quite 
reach  10  h.  p.  For  powers  below  this  there  are  two  points  on  the  curve  at 
which  the  same  power  is  exerted.  The  series  dynamo  curve  s  s"  s'"  reaches 
its  maximum  power  at  a  little  over  16  H.  p.,  alter  which  it  begins  to  curve 
away  from  the  neighbouring  power  line.  The  separately-excited  dynamo 
curve  A  P  /  begins  to  turn  back  on  the  adjacent  power  line  at  about  15  H.  P. 

Calculation  of  E.  M.  F.— Turning  now  to  symbolical  methods,  it  has 
been  shown  (page  4Sj)  that  the  average  rate  of  cutting  magnetic  liner  by  a 
wire  revolving  at  a  speed  of  ;;  revolutions  per  second  in  a  two-pole  field  of 

useful  flux  N  is  2  wN,  corresponding  to  a  pressure  of  -  ",^'  volts.     To  av.>iil 


10' 


cumbering  the  equations  we  shall  omit  the  divisor   10",  as  it  is  not  likely, 
because  of  its  m.ignitiule,  to  be  overlookeil  in  any  actual  calculation. 

In  a  two-pole  dynamo,  whether  ring  or  drum  wound,  let  the  total  numbtr 
of  active  conductors  on  the  outer  periphery  of  the  iron  core  be  z.  These  con- 
ductors  are  the  only  ones  in  which  any  k.  m.  f.  is  generated,  the  remainder  of 
the  winding  in  either  class  of  armature  merely  serving  to  make  the  necessary 
electrical  connections.  Moreover,  these  t  conductors  are  at  any  instant  elec- 
trically divided  into  two  equal  groups,  the  members  of  each  group  being 
joined  in  series,  and  the  two  groups  being  in  parallel.     The  f.  m.  k.  of  the 

combination  is,  therefore,  the  k.  m.  f.  of  either  group  of  -  conductors,  and 
denoting  the  E.  m.  k.  by  k,  we  have,  ' 


H 


=    -    X    2  «  N 


which  is  one  of  the  fundamental  equations  of  this  type  of  dynama 
33 
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Application  of  Ohm's  Law.  — (i)  S,nfs  dynamo.-  let  f.  be  the  whole 
electromotive  forte  of  the  dynamo,  and  let  v  be  the  diflcreiice  of  potential 
between  the  terminals  to  which  the  exterior  circuit  is  attached  Then  v  is 
less  than  e,  for  part  of  the  electromotive  force  is  expended  in  driving  the 
current  through  the  resistance  in  the  armature.  The  volts  by  which  v  tails 
short  of  E  represent  the  part  of  the  H.  M.  v.  unavailable  externally,  and  are 
therefore  sometimo  called  the  lust  volts. 

Let  K  be  the  resii^tance  of  the  outer  circuit,  and  r.  that  of  the  armature, 
also  let  c  be  iht  strength  of  a  current.     Then  Ohm's  law  gives  us : — 


E  =  c  (r  +  r.) 

V   =  C    K 

and  therefore    e     :     v     :   :     r 


+      ^  : 


or 


E  =^         --"--  and  c  =  — ■ 

k  R  +  % 


Hence  the  total  resistance  of  the  circuit  is  r.  +  -J'-^'^ ,  and  Ohm's  law  there- 


(2)  S/ititit  d\namn.—\n  ile.iling  with  the  shunt  dynamo  we  shall  find  it 
convenient  to  use  the  following  additional  symbols  : — 
Let  t\  =  the  current  in  the  armature. 
„    r,  =  the  resistance  of  the  shunt  coils. 
„    c,  =  the  current  in  the  shunt  coils. 

„    V  =  the  i>.  II.  between  the  terminals  b  A,  (Fig.  484)  of  the  external 
circuit. 
The  main  current  is  that  of  the  armature,  and  it  is  this  that  is  divided 
into  two  parts,  hence  r,  =  c  4-  'V 

The  joint  resistance  of  external  circuit  and  magnet  coils  is  -  .^'-■ 

;nce  the  total  resistance  of  the  circuit  is  i 

fore  gives  us  the  three  following  equations 

In  the  whole  circuit,  e  =  (r,  4-        , '    V« 

In  the  outer  circuit,  v  =  c  r  )     .   £.  4-  <-  or  r   = 
In  the  magnet  coils,  v=c,r,  j 

Therefore  since  e  =  o  'a  +  v 

and  the  "  lost"  volts  k  —  v  =  c. ; „ 

Efflc'ency  of  a  Series  Dynamo.— From  the  analogy  of  the  steam- 
engine,  the  ratio  of  the  usetut  energy  given  out  by  tne  machine  to  the  whole 
electric  energy  generated  is  termed  tiie  electric  efficiency.  Some  of  the  energy 
is  absorbed  in  the  int.  vior,  so  that  the  energy  used  in  the  exterior  circuit  is 
less  than  the  whole.    Tne  energy  yielded  per  s;;:ond  measured  in  watts  is  for 


V 
K 

\ 

s 
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thf  whole  circuit  c  (amperes)  «  K  (vi.ltv),  .md  li)r  the  I'ML-riur  circuit  C 
(jinpcrcs)  X  V  (vi>U!.), 

I,  .       .,       ...      .,-  .  u-ilul  power       c  V        V  K 
ilcnce  the  electric  etlicieiKv  =           ,            -  =         —  -    = 

total  piavcr         I"  K         !■:         k  f  r 

or  ih  equ.ll  to  the  ratio  ot  the  external  to  the  total  r<'si-.tanrc.  Hut  the  total 
electric  energy  developed  in  the  machine,  hoth  useful  and  useless,  may  not 
he  equal  to  that  taken  Irom  the  engine  or  prime  mover  driving  it,  hence 
we  must  distinguish  between 

.1  tr  •  Rf"^^  electric  power  iienerated 

the  gross  eMTiciencv  =      -  ,      ,       '       ,     ^  -, 

power  receiveil  Iroiu  the  ilrivnij;  engine 

,,,  1  ti, .  .,   ..     (v  •  u>eful  electric  power  delivered 

and  the  nett  e(luiency  = -.      ,        '      ,     -,-.     ^      . 

power  received  Irom  the  dri\  iiij;  eiiijinc 

If  the  horsepower  taken  from  the  engine  be  w,  or  reduced  to  watts  746  w. 

we  have : — 

K  c 
gross  efTiciency  =  _  .  - , 
/40  w 

nett  efficiency  =      ,  ' 
•'        746  w 

and  therefore  nett  efficiency  =  gross  efTiciency  x      cctric  efTiciency.     The 

dilTerence  between  the  power  (746  w)  received  from  the  engine  and  the  gn>ss 

electric  power  (k  r)  represents  the  power  lost  in  converting  mechanical  into 

electric  power. 

Efficiency  of  a  Shunt  Dynamo.-- In  a  shunt  dyn.mio  the  circuits 

'!: -'de  into  three  distinct  parts,  and  to  cal,  iilate  the  etficiency  we  have  : — 
I.  Work  done  per  second  in  the  outer  circuit  =  c  v  or  (  -k. 

II.  The  power  wasted  m  heating  in  the  shunt  =  (\  v  or  c'^r,. 
III.  The  power  wasted  in  heating  in  the  armature  =  i-^r,. 
Hence  the  electric  efTiciency  or 

useful  power  _  I.  rS 

total  peiwer 


C»  R 


1.    +    II.    +     111. 


'<  +  '\  r,  +  ,  ■->„ 


(«)■ 


From  the  eiiuatioiis  \  =  c  k,  and  \'  —  <    r,  we  have  < ,  = 
From  the  equation  r. 


r.  =  c  + 


('  +  c.  We  have 

c  u  _  r,  +  H 
^    ~     ',    '■ 
a!)ove    values    for    r,    atid    r,    in    (i),    and    dividing 
numerator  and  denominator  by  k,  remarking  that  then  c-  cancels  out,  we 
'obtain 


Substituting    the 


„,     .  .      ».  •  useful  power 

electric  efticiencv  = ; — ; — = 

total  electric  power 


I 


1  4.  '_±i''   +  *<)', 


I    1- 


an 


«pression 
circuits  enter. 


ito  which  only  the  resistances  of  the  various  parts  of  the 
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T!i  ■  tal  elecrrit  power  generated  is  v  c,.  and  it  \v  be  the  'i  e-powof 
received  f'^on;  the  limine  wx-  have  as  betoic 

ur<>ss  erti'-ienrv  = 

"  ■74t,  ■^ 

rr  V  C  • 

nett  etliLiciu  V   =     - 

As  an  exanij  o  of  the  use  to  which  tiicse  equations  may  be  put  w^  all 
calculate  the  value  of  the  exlLiii  il  rcsi-'lance  for  which  the  ele  fie  efTi-  cncy 
of  a  shunt  dynamo  is  a  maximum.  The  problem  is  in  iM^f  m.  uiterc  ni^ 
one.     We  have  as  above 


electric  efTicii 


I 


in  which  K  is  variable  iiid  r,  and  r,  arc  constants. 

Now  tl'.is  quantity  will  bt-  a  inaximi.'ii  for  that  vaivie  of  k  ^vhit  i  wiii 
make  the  denomiiiator  the  let  |«is.sible.  Tiiis  den<  nimator  may  'c  wiitten 
thus: 


or  by  writmjj  r  for  t^  +  r ,  and  adding'  and  5ul  .ictiiii: 

minator  iii  question  becomes  __ 

r,  /  ;  2  y/r  Jr.       '  ,         ; 

I  +  2  .;•  +  H  (  -J  —  --Z-7.-  +  .1  + 


lie  deno 


r. 


or,  I  +  2  'J    +  H  (  ^ 


r.  K_ 


-f-  ;  ^'^^'■-•. 


The  p  rt  <  f  this  expres-ion  whi<  h  changes  wl;  n  r  '.  ranges  is 

portion  of  the  express. on  is  pos; 

ositivf  ,  and  thereti'ri-    he 

luantuy  is  zen      th  ;      to      v  i 

r.  H 


Whatever  R  may  be,  t 
squared  quantity  is  aivva- 
the  least  possible  when  t 


•  (for  every 
lominator  is 


or  K  =  n  Y 
Th's  gives  for  the  n      in    m  efficienrv 


I  + 


+  V 


If  r.  be  very  small  comj       d  with        t^ 
this  particular  case  the        ic  ot  !• 
r,  and  r„  for 


M  SE 


but  li.         jore  than  r„  and  in 
aai  to  t   c  geometrical  mean  of 


■P-PffflPW^fll 


in 
of 
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Of 

ai>- 

i>. 

Uled 
.)eeii    1 
dynanK 


etter» 

"    hui 


^iuaiice  should  l-c  a  geci 


tam< 
■ml 
aerg. 

•lie  VCI 
ore  than  once 
lied  or  cxpliciti'. 


'•oal  nie.iti  between  the  armature 
DCS  useful  in  determining  the 
'<;utiril  coiii!itions  ot  working. 
it    te  Icaviui;  this   pari   of  the 
which  -j'cvial  .iitention  may  b* 
V  precedii   :     nges  it  has  citlir 
electrical     lu   i;v  jfenerated  in 
■  iir  ^^\\\^■'    prime  mover  used  lo 


The  result  is  -^ 
he  sltjnt  coils 

a  Dynamo. 

'lift  ant  iiLittcr 
\  the  imnu-diati 
stated  that  rht 
»  derived  directlv  from  the  en  ■;; 
drive  it.    This  fact  should  never  be  lost  s..,  Ut  of.  ctfiftiallv  by  inventors,  «*)mc 
of  whom  fondly  im.igine  that  if 
.  hey  can  only  make  an  arrange- 
ment of  rnagiuf;  and  electric 
circuits  sufTicieiitly  complicated 
they  may  obtain  perpetual  mo- 
tion, or,  in  other  words,  they 
iiay  be  able  to  create  energy. 

fhe  fundamental  fact  is  that 
V*     -never   a  conductor   which 

as  part  of  a  closed  circuit 
moves    across    the    lines   of   a 
magnetic  field,  and  has  currents 
thereby  induced  in  the  circuit, 
it    experiences  a  ;:•«■- 
chanical  resistai.  c  to 
its    motion,    and    the 
latter     can    only    be 
maintained  by  theex- 
pendituic  of  mechani- 
cal energy.     As  long 
as  no  currents  are  al- 
lowed to  flow  through 
the  conductors  of  an 
armature  spinning  in 


Fig  491. — Mtfchanica)  Energy  ah^orbed  tyy  loduceJ  CumaCl. 


a  mafjnetic  tield  it  experiences  no  resistance  to  its 
motion  other  than  the  mechanical  resistance^  (such  as  friction  of  various 
kinds)  which  any  body  of  similar  shape  and  mass  would  experience.  The 
moment  currents  are  allowed  to  fJow  everything  is  changed,  ai  '  powerful 
resisting  forces  are  called  into  play  depending  on  the  magnitude  of  the  current*, 
the  magnetic  flux,  and  the  velocity  ;  and  it  ii  not  an  uncommon  thing  ?  j  see  a 
dynamo  pull  up  and  stop  a  gas  engine  or  other  prime  mover  many  times  Js  size. 
An  old  ex|)cr)ment  of  Foucault  illustrates  the  above  very  wei'  An 
electromagnet  k  (Fig.  411)  has  at  its  poles  s  s  the  |)ole-pieces  «  j  so 
arranged  that  the  copper  disc  r,  which  can  be  rapidly  rotated  atx)ut  .he 
axis  A  X,  can  ju^t  move  between  them  but  not  in  contact.  With  the 
electro-magnet   powerfully  excitea,  the  resistance   to  motion  is  very  great. 
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A  striking  way  to  perform  the  expciiment  is  not  to  excite  the  electro- 
magnet until  the  disc  is  rotating  at  a  high  speed ;  on  closing  the 
exciting  circuit  the  operator,  turning  the  handle  k,  at  once  experiences  a 
powerful  resistance,  against  which  his  speed  suddenly  falls  off. 

VI. — LATER     HISTORY    OF    CONTIMJOHS    CURRENT    DYNAMOS. 

The  selection  of  typical  machines  bridging  the  period  from  the 
invention  of  the  Gramme  and  Siemens'  armatures  to  those  in  use  at  the 
present  time  is  not  an  easy  task,  for  no   rigid   line  of  demarcation   exists. 

Some  of  the  ma- 
chines now  in  use 
have  remained  un- 
changed in  all  but 
very  minor  details 
for  the  greater  part 
of  the  period,  and 
it  is  difficult  to  say 
whether  they 
should  be  described 
here  or  reserved 
for  the  more  tech- 
nical section  later 
on.  This  is  espe- 
cially the  case  with 
machines  brought 
out  after  the  prin- 
ciples of  the  mag- 
netic circuit  had 
been  clearly  formu- 
lated and  adopted 
by  practical  men. 
On  the  other  hand 
some  types  have 
been  frequently  modified  before  settling  down  to  their  present  form.  Further, 
many  of  the  machines  described  in  the  earlier  editions  of  this  book  have  not 
only  become  obsolete,  but  the  details  of  their  construction  offer  no  very  im- 
portant points  to  warrant  them  being  retained  even  in  a  historical  summary. 
With  thesf  difficulties  to  contend  with  the  selection  hero  made 
must  be  regarded  as  tentative  and  open  to  >  riticism,  and  the  inclusion 
of  any  particular  machine  must  not  be  taken  as  implying  that  it  is  now 
obsolete,  or  that  it  might  not  have  been  included  in  the  later  section. 
The  chief  aim  is  to  give  the  reader,  briefly  and  with  the  aid  of  diagrams 
and  descriptions,  which  might,  but  cannot,  he  multiplied  indefinitely,  somr 
idea  of  the  development  of  continuous  current  dynamoi  • 


Fig.  49a.  —Early  O ramme  Generator. 
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Bipolar  Dynamos. — An  cirly  form  of  Gramme  machine  is  shown  in 
Fig.  4<)2.  The  ring  armature  (Kig.  464),  the  electric  and  niagmtic  te.itures 
of  which  have  already  been  described  (see  p.  4S6),  was  momited  on  a 
wooden  hub  driven  by  a  steel  shaft  supported  by  the  upright  plates,  which 
form  the  yokes  of  the  double-magnetic  circuit  of  the  field-magnet.  The 
latter  had  "consequent "  poles  and  two  projecting  pole-pieces,  which 
embraced  a  very  large  fraction  of  the  whole  periphery  of  the  armature. 
The  field-magnets  were  in  series  with  the  armature,  and  the  terminals 
were  mounted  on  the  side. 

dne  great  mechanical  defect  of  this  early  machine  was  the  airange- 
meii  for  trans- 
mitting the 
power  from  the 
shaft  to  the 
wires  of  the  ar- 
mature through 
the  wooden  hub. 
Later,  various 
methods  of 
"  positive"  driv- 
ing were  in- 
vented, in 
which  either 
radial  spokes 
or  spiders 
keyed  on  to  the 
shaft,  or  some 
other        good         -  

mechanical  Fig.  403.-EarI,  Si.m.».'  M.chin^ 

device,  was  adopted  to  drive  directly  the  core  and  the  coils  wound  on  it.  The 
magnetic  circuit  was  also  deficient  in  the  cross  sectioi.  and  quantity  ot  iron  used. 

The  early  Siemens'  machine  had  several  features  in  common  with  the 
above,  though  out\ffardly  very  diflerent  in  appearance.  The  machine  is 
shown  in  Fig.  413,  and  \vc  li;ive  aire.uly  had  occasion  (.sic  p.i^;c  51.0)  to  give 
some  details  of  its  magnetic  circuit. 

There  were  seven  powerful  flat  electro-magnets  on  each  side,  so 
arranged  that  their  north  poles  faced  one  another.  The  similar  poles  of 
the  two  magnets  were  connected  by  arched  pole-pieces.  The  seven  iron 
bands,  which  were  arched  round  the  drum  irmalure,  caused  tw-o-thirds  of 
the  conductors  to  be  exposed  to  induction  at  the  same  time.  The  current 
induced  in  t^e  coils  of  the  armature  flowed  through  the  right-hand  brush 
of  the  current  collector,  from  there  into  half  the  coils  of  the  electro- 
magnet, and  then  through  the  right-hand  binding  screw  into  the  outer 
circuit,  then  through  the  left-hand   binding  5crew  into  the  other  half  <rf 


520 


Electricity  in  the  Service  of  Mas. 


the  coils  of  the   magnet,  and  thence   back    again   into    the  coils   u(  the 

armature. 

Contrast  these  machines  with  Crompton's  "T.ade"  dynamo  (Fig.  404), 


Fir.  414.    -Crompton's  "Trade"  Dynamo. 

which  was  magnetical  y  similar,  but,  by  mechanical  modifications  which 
can  easily  be  fo'lowed,  the  magnetic  circuit  of  which  was  made  much 
rrorii  Compact,  so  much  so  that  the  outer  layers  of  the  magnetising  coils 
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almost  touched  one  another  instead  of  beiiij;  separated  by  a  wide  interval. 
The  yokes  and  cores  were  obviously  much  more  massive  ;  they  were 
made  throughou*-  of  the  best  annealed  wrought  iron,  and  the  armature 
core  was  built  up  of  laminated  'ron  discs,  insulated  from  each  other  by  a 
special  varnish,  the  whole  being  carefully  dried  in  an  oven  at  a  high 
uniform  temperature.  The  armature  itself  was  of  the  Gramme  type,  the 
wires  being  kept  in  their  places  and  prevented  from  slipping  by  teeth 
projecting  trom  the  circumference  of  the  armature  core.  The  armature 
shaft  was  of  steel,  and  an  aluminium  bronze  spider  was  keved  to  it,  the 
arms  of  which  fitted  into  dovetail  notches  in  the  inner  circumfereiic- 
of  the  core  disis.  It  will  be  iiuliced  that  the  commutator  of  this 
machine  was  massive,  and  there- 
fore, as  the  maclinie  was  "  non- 
sparking,"  should  run  for  years 
without  renewal. 

Another  machine  which  was 
magnetically  the  descendant  of 
the  old  Gramme  was  the  "  Man- 
chester" dynamo,  a  part  front 
elevation  of  which  is  shown  in 
Fig-  495-  Here  again  the  shaft 
was  turned  at  right  angles  to  the 
earlier  position.  In  this  dynamo 
the  exciting  coils  of  the  field- magnets  were  placed  on  what  was  the  yoke 
of  the  old  Gramme,  with  the  result  that  much  greater  compactness  and 
solidity  were  given  to  the  magnetic  circuit.  In  the  machine  as  built  by 
Messrs.  Mather  and  Piatt  (illustrated  in  perspective  in  Fig.  4q6)  the  armature 
was  of  the  Gramme  type,  and  was  of  low  resistance  and  carefully  ventilated  ; 
it  was  designed  by  Dr.  John  Hopkinson  and  Dr.  Edward  Hopkinson.  The 
cylindric  cores  of  the  .(ield- magnets  were  of  wrought -iron,  and  the  yokes, 
which  were  very  massive,  were  of  cast-iron  ;  there  was  ample  cross-section  in 
all  parts  of  the  magnetic  circuit,  the  magnetic  reluctance  of  which,  when  not 
fully  saturated,  was  consequently  low,  but  on  the  other  hand  the  magnetic 
leakage  was  somewhat  heavy.  The  commutator  v.-as  built  up  of  substantial 
copper  bars,  40  in  number,  which  were  insulated  from  one  another  with 
mica,  and  as  there  was  r.o  visible  sparking  at  the  brushc",  even  when  the 
machine  was  running  with  a  full  load,  the  conmiutator  lasted  for  years 
without  renewal.  One  advant.ige  of  this  type  of  machine  over  that  last 
described  was  that  the  centre  of  gravity  of  the  moving  parts  was  low. 

Edison  Machines. — Two-pole  machines  with  a  single  magnetic  circuit, 
resembling  the  old  horse-shoe  pittern  of  permanent  mag:iet,  have  played 
an  important  part  in  the  development  of  the  modern  dynamo.  In  them 
the  poles  may  either  be  at  the  bottom  or  at  the  top,  or  in  an  intermediate 
position.      The   form   with   the   poles  at  the  bottom,  often  referred  to  ai 


F'B.  495  —The  "  Manchester  "  Dynamo"  (ElcTation). 
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"  undertype  "  machines  was  the  first  to  be  ilcveloped.  Wilde's  machine  (sei 
p.ige  476)  was  magnetically  of  this  pattern,  but  the  first  to  do  any  really 
useful  work  were  the  early  machines  of  Edison,  one  standard  pattern  of 
which  is  illustrate'!  in  Fig.  497.  Here  the  field  magnets  were  of  gieat 
lenplh,  in  the  form  of  iron  bars  united  by  yokes  of  soft  iron,  and  weighing 
severul  tons. 


Fig.  49&-The  "Htnchcuer"  Dynamo. 


The  steam  d)-nanio,  as  Edison  called  a  still  larger  machine,  consisted  of 
a  horizontal  steam-engine  of  125  horsepower,  and  the  dynamo-electric 
machine,  which  were  both  fastened  upon  one  platform.  The  inducing 
electro-magnets  consisted  {see  Fig.  475  c)  of  eight  cylindrical  arms,  coiled 
wiih  insulated  wire,  and  two  massive  cast-iron  pieces,  which  served  as  poles. 
The  latter  were   hollowed  out  so   as   to    provide   a   space   in   which    the 
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armature  could  rotate.  The  length  of  the  arms  of  the  electro-maRiiels 
was  nearly  8  feet,  and  they  were  placed  horizontally.  The  armature  was 
a  drum  armature  with  the  conductors  consisting  of  copper  strips  of  trape- 
zoidal cross -section.  The  different  strips  were  insulated  from  each  other 
by  a  kind  of  blotting  paper  specially  prepared.  To  the  shaft  in  front 
of  the  cylinder  were  fastened  as  many  copper  discs  as  there  were  copper 
strips  on  the  surface  ;  every  two  diametrically  opposite  copper  strips  had 
their  ends  connected  with  a  copper  disc  in  such  a  manner  that  all  the 
copper  strips,  discs,  and  connections  formed  a  continuous  coil  around  the 
cylinder.  By  using  the  copper  discs  for  end  cimnections  the  resistance 
of  the  armature,  and  especially  that  of  inactive  parts  near  the  sides  of 
llK  cylinder,  was  reduced  to  a 
minimum,  and  the  connection  of 
the  several  coils  was  brought  about 
without  complicated  over-lapping 
and  bunching  up  of  the  wire.  Such 
machines  were  used  thirty  years  ago 
at  the  Central  Station,  New  York, 
to  supply  a  whole  district  with  elec- 
tricity ;  and  also  in  London  to  light 
the  Holborn  Viailuct. 

The  Edison-Hopkinson  dynamo 
was  the  lineal  descendant  of  the 
above  machines,  and  Fig.  4  18  illus- 
trates one  built  by  Messrs.  Mather 
and  Piatt.  The  most  important  im- 
provements made  by  Dr.  J.  Hop- 
kinson  in  1886  had  reference  to  the 
magnetic  circuit,  and  greatly  modi- 
fied the  external  appearance  of  the 
machine.  Instead  of  the  multiple 
field-magnet  limbs,  each  wound  with  magnetising  coils,  which  join  the  pole- 
pieces  to  the  yoke  in  the  older  large  machines,  Dr.  Hopkinson  used  only  one 
limb  on  each  side,  solidly  connected  to  the  pole-piece  at  one  end  and  the 
yoke  at  the  other.  The  cross-section  of  the  iron  cores  of  these  limbs  was 
greater  than  the  cross-section  of  the  iron  in  the  older  multiple  limbs,  and 
the  cores  were  also  shorter  in  length.  In  addition  the  iron  yoke  across  the 
top  was  made  much  heavier.  The  result  of  these  changes  was  that 
the  sjiine  dead  weight  of  iron  was  more  advantageously  arranged  for 
being  readily  inag'ietised,  because  the  magnetic  circuit  was  both  shortened 
in  length  and  its  cross-sectional  area  incrca.'^ed  throughout.  In  some  of  the 
machines  the  cross-section  of  the  magnet  cores  was  circular,  in  others 
oblong,  but  rounded  at  th.e  corners  :  the  latter  form,  allowci!  relatively 
longer  pole-pieces  and  armatures  to  be  used.    It  is  shown  in  Figs.  499  and 
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500  which  represent  a  sectional  elevation  of  the  field-magnets,  an'1  a  side 
elevation  of  one  of  the  long  type  machines.  The  magnet  cores  and  pole- 
pieces  in  some  of  these  machines  consisted  of  a  single  forging-  an''  in  more 
recent   machines  the   magnets  were  wound  with  wire  uf  square  section, 


fig.  493.—  The  EdLsonllopkinion  Djrnanio  with  B»r  Armalura. 

more  of  which  can  be  packed  into  a  given  space  than  is  possible  with 
ordinary  round  wire.  Besides  altering  the  field-magnets  Dr.  Hopkinson 
niudifled  the  armature  of  the  machine,  getting  more  iron  into  it,  thus  diminish- 
ing the  magnetic  reluctance  in  this  important  part  of  the  magnetic  circuit. 
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f;.  4i)9k — Edimn-HopkinMn  Dytuuno  (Side  Elevation). 


As  the  result  of  the  modifications  it  was  found  thai  the  efficiency  of  ihe 
machine  was  greatly  increased  ;  an  early  6o-light  machine  was  tmmd  to  iiave 
a  commercial  efficiency  of  587  per  cent.,  whereas  the  more  nioilcin  machines 
(of  a  larger  size, 
however)  had  a 
commercial  effi- 
ciency of  93  or  94 
per  cent.  Also  the 
output  was  in- 
creased ;  a  new  250- 
light  machine  only 
weighing  about  as 
much,  and  occupy- 
ing the  same  floor 
space,  as  the  old 
150-light  machine. 
Again,  the  magnetic 
'leld  in  which  the 
armature  moved  was 

so  strong,  and  the  resistance  of  the  armature  so  low,  that  the  "  lead  "  to 
be  given  to  the  brushes  was  small,  and  the  machine  was  almost  self- 
regulating  without  any  compound  winding  on  the  field-magnets. 

The  development  of  the  Edison  two -pole 
dynamos  in  the  United  States  followed  very 
much  the  same  lines  as  that  of  the  dynamo 
just  described.  It  is  not,  therefore,  necessary  to 
recapitulate  the  reason  for  the  various  changes 
from  the  form  depicted  in  Fig.  497,  which  may 
be  compared  with  Fig.  501,  representmg  a  ma- 
rhine  built  by  the  Edison  General  Electric  Com- 
pany of  New  York.  The  zinc  foot-step  inserted 
between  the  pole- pieces  and  the  bed-plate  to 
diminish  magnetic  leakage  can  be  clearly  seen  in 
this  figure  and  also  in  Figs.  498  to  -o 

We  shall  next  give  one  or  iwo  examples  of 
the  two-pole  type  in  which  the  poles  are  at  the 
top  of  the  machine,  whence   it  is  knov  n   as   the 


Fi(.  joa    Section    throijgh   Field- 
Magnet     of 
Dynamo. 


'  overtype "  {tvpe  supirieur).  Such  a  machine, 
as  far  as  the  field-magnets  are  concerned,  can  be 
iescribed  as  an  Ed.  on-Hopkinson  dynamo  turned  upside  down,  the 
yoke  of  the  latter  becoming  the  bed-plate  of  the  new  machine,  and 
the  armature  being  raised  to  the  top.  The  armature,  hov.sver,  may  be  of  the 
ring  or  of  the  drum  type,  with  or  without  projecting  teeth.  Magnetically 
the  advantage  of  this  design  is  that  where  the  lines  of  force  leave  the  n  pole- 
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piece  to  pass  through  the  armature  to  the  s  pole-piece  there  is  no  large  mase 
of  iron  in  the  neighhourhoml  to  deflect  them  from  their  course  by  its  high 
permeabihty.     On   the    other    hand,  in    machines   buil»    like    the    Edison 

Hopkinson,  there 
must  necessarily 
be  in  the  nei^h- 
bourhood  of  the 
pole-pieces  the 
large  iron  mass 
of  the  bed-plate, 
with  its  tendency 
to  cause  the  lines 
of  force  to  lun 
from  one  pole- 
piece  to  the  other 
through  it  in- 
stead of  through 
the  armature. 
Such  leakage 
lines  are,  o! 
course,  lost  to  the 
machine  for  the 
purpose  of  setting 
up  E.  M.  F.  in  the 
wires  of  the  ar 
mature,  since 
they  are  not  cut 
by  those  wires, 
and  there'ore  the 
energy  spent  to 
maintain  them  is 
wasted.  The  dif- 
ficulty is  partly 
met  by  interpos- 
ing a  zinc  base 
between  the  pole- 
pieces  and  the 
iron  bed-plate. 
In  Fig.   500  this 

base  {a  b)  is  shown  in  section,  and  in  that  dynamo  it  separates  ihe  boitcm  of 
the  pole-piece  from  the  top  of  the  iron  by  a  distance  of  fi%'e  iiich'.;s. 

Mechanically  the  great  disadvantage  of  the  overtype  machines  is  that 
the  bearings  have  to  be  elevated  with  the  armature,  and  this  necjsf'arily 
increases   the  cost   of   construction  ;    but  as   the  builder  aims   at   making 


Fig.  y>t..~Modeni  EdisoD  Two-pole  Dynamo, 


9 


OfsurvfK  Af<c/iiSFX. 


his  magnet -limbs,  for  ni.ij'iictic  riiisoiis,  as  >hort  as  possible,  magnetic 
and  mechanical  consider:uions  both  cunibinc  tu  bring  down  these  ele- 
vated bearings  to 
a  manageable 
height. 

Dynamo.  — This 

name  was   given 

by  Messrs.  Pater- 
son    and    Cooper 

to     the     various 

types  of  dynamos 

built     by    them, 

some  with  single, 

others     with 

double    magnets, 

but    their   stand- 
ard   machine    in 

1887  was  ot   the 

single  -  magnet 

type     to     whicli 

we    kave     just 

been  referring.  It 

is    illustrated    in 

Figs  5   :  and  503  ;  the  first  figure  shows  the  complete  tnaclunc  in  perspective 

and  the  second  figure  gives   a   section  through   what  may  he  termed   the 

iron    carcase    of    the   machine     ■      1    the 
armature  core  in  its  plaie. 

The  horse-shoe  magnet  limbs  ami  thin 
connection  A  (F"ig.  503)  were  cast  in  one 
piece  as  shown,  and  bulled  to  the  thick- 
ened solid  bed-plate,  wiiich  tinis  tunned 
the  greater  part  of  the  yoke  of  the 
horse  -  shoe,  and  proxlded  ample  cross- 
section  of  iron  for  the  magnetic  lii;ss.  In 
some  of  the  machines  the  iron  of  the  irjg- 
net  consisted  of  a  solid  wrought-iron  horse- 
shoe forging,  machined  all  over,  and  bored 
out  for  the  armature.  The  m.ignet  coils 
were  wound  on  separate  bobbins  of  sheet- 
iron  flanged  with  brass,  and  after  being 
wound,  were  slippi  d  over  the  tops  of  their 

respective    limbs    into    place.      The    armature   was    ot    tue    Gramme   ring 

cylindric    type,    and    was    supported    by  cast-iron    brackets   bolted   to   the 


Fig.  5<n.— Th*  "  Photnix  "  Dyname. 


rig  503  — Section  tlirough  Field-magneu 
of  Phcsrax  Dynamo. 
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bed-plate,  the  bearings  beitiK  of  white  niutul.      Tlic   machines  were  bulV 
of  various  sizes,  with  outputs  varyinK  from  600  to  50,000  watts. 

Turning  now  to  the  third  ,,()s>ii)lc  position  for  tlic  polc-picxcs,  a  very 
compact  and  convenient  form  of  two-pole 
single  magnetic  .rcuit,  especially  tor  machines 
of  moderate  dimensions,  is  sliown  in  Fig.  504. 
This  pattern  of  dynamo  machine  was  inde- 
pendently designed  by  Dr.  S.  P.  Thompson 
and  more  than  one  firm  of  d>'Mmo  builder? 
in  ifH6.  From  the  shape  ot  the  magnetic 
circuit  it  is  sometimes  referred  to  as  the 
C-type  of  dynamo  machine.  The  ample  cross 
section  of  the  iron  in  all  parts  of  the  circuit  is 
obvious,  and  the  difTereut  parts  of  the  field- 
Fig.  504 -CrP.  of  Ma^neHc  Circuit,      "'agnet  are  of   a   shape  easily  manufactured. 

Moreover,  there  is  only  one  magnetjsmg  cod, 
which  can  readily  be  wound  and  slipped  into  its  place.  Here,  again,  however, 
owing  to  tl.e  position  of  the  magnetising  coil,  the  magnetic  leakage  is  con- 
siderable. 


Fig.  5"j  -The  "Lee<l«"  Dynamo, 


An  actual  machine  of  this  type  is  represented  in  Fig.  505.     This  par- 
ticular dynamo,  known  as  the  "Leeds"  dynamo,  had  a  magnetic  circuit 


/KO!f-cr.AP    DyxAjvos. 
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difTercnt  only  sliglitly  in  det  lils  from  Fig.  504.  The  upper  and  lower 
pc'lur  limbs  were  <>t  annealed  cast  iron,  ami  it  will  be  noticed  that  the 
lower  one  was  cast  in  ..ne  piece  with  the  bed  pl.,tc.  part  of  which 
was  thus  introduced  inf.  the  mag- 
netic circuit  ;  the  curt-  upon  which 
the  magnetising  coil  was  slipped 
was  of  Soft  wrought-iroii  of  high 
permeability.  The  arm.iture  wa>  of 
the  Gramme  or  ring  type,  and  in 
the  larger  machities  consisted  of  a 
single  layer  of  copper  strip.  In  a 
iS  kilowatt  machine  which  gave  70 
amperes  at  500  volts,  with  a  speed  of 
800  revolutions  per  minute,  the  out- 
side diameter  of  the  armature  was 
185  in<  hes,  and  its  length  14  inche:^,' 
and  there  were  80  bars  on  the  com- 
mutator. Some-  of  these  machines  were  used  in  the  Cadogan  LiKhting 
Station  at  Chelsea.  s  k        s 

Iron-Clad  Dynamos.— Anothv      ■  pe  of  dynamo  which  was  developed 

by  more  than  one  good  firm  of  builders  is  known  as  the  /.,;«-,/,*</ type,  from 

the  fa,  t  that  the  magnetising  coils  of  the  ficKlm.ignets  are  almost  hidden 

->,^    ■^N    \       I  ^/'  ^,^_  *rom  view  by  other  parts  of 

^'_""-r:~.,,\  \\     '</','',, *x^  the  magnetic  circuit.      This 

,'  //';"-rr-;;>    !vA^^^^^' /V;''Ji~~r"NX        tircuit,  as  adopted  in  several 
'•  '  ''  '--S ''  -^^■'''^''''_y^  1  I  .    *^^3"ip''-"^-  's  shown  diagram- 

-■/7^-"''l<^'feV.Tn>v''^- ..\ -',-'' } J    matically   in   Fig.    506.      It 

'y  will  be  noticed  that  it  is  a 
c.Hible  magnetic  circuit,  but 
that  the  poles  are  "salient," 
and  not  "  consequent  "  poles, 
each  magnetising  coil  em- 
bracing all  the  lines  of  force 
of  tt,3  circuit.  The  path  of 
ont  of  these  lines  of  force 
in  cich  of  the  two  halves  of 
the  circuit  is  shown  by  the 
two  continuous  dottjd  lines 
in  the  figure. 

A    disadvantage   of    this 
I  tendency  for  lines  to  |.;ak  from 


^'i«•  50; — I.eakaKe  Field  of  Iron.clacl  Pynamo 


form  of  magnetic  c.rcu.t  .s  that  there ._„., ,,  ,„  ..^^^ 

the  prujectmg  parts  of  the  po!epic..s,  csp.>ci.dly  at  the  tips,  to  the  iron 
of  h.  -rroundmg  yokes.  In  s.>me  p.Uerns,  ther.Ve.  the'endosing  i  o^ 
u  arched  as  ,.   passes  over  or  under  the  armature  so  as  to  increase  the  air 
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ipace,  as  shown  in  Fin-  507.  In  this  figure  the  paths  of  the  leakage  hncs  af! 
drawn  ;  an  inspection  m  these  will  be  in>tructive,  as  showing  the  distorting 
Influences  affecting  the  passage  of  useful  lines  through  the  armature 

The  Victoria  Dynamo. — A  machine  which  cannot  be  passea  over  in 
any  history  of  dynamo  development  at  this  period  is  the  Victoria  dynamo 
of  the  Brush  Electrical  Engineering  Compain .  The  machine  was  originally 
a  Schuckert  ilvnanio,  and  as  such  will  be  found  described  in  a  former  edition 
of  this  book,  but  it  was  improved  and  modified,  bjth  electrically  and  mag- 


Pig,  soS.— Victoria  (Schuckert-Mordey)  Dynamo  of  the  Broth  Electrical  RnKineering  Co. 

netically,  almost  past  recognition,  by  Mr.  Mordey.  Under  hii  hands  the 
two-pole  Schuckert  became  the  four-pole  machine  shown  in  Fig.  :oH,  with 
good  magnetic  circuits  and  a  well-designed  armature. 

As  regards  the  magnetic  circuit,  the  pole-pieces  were  made  of  cast- 
iron  shrunk  upon  the  cylindrical  cores  of  soft  iron  which  received  the 
toils,  and  the  whole  magnetic  ciicuit  was  of  ample  crois  section.  The 
armature  had  a  core  made  almost  of  square  section,  and  built  up  of 
charcoal   iron    lape,   coiled    upon    a    strong  foundation    ting,    with    paper 


MvLTifoLAK  DvHAmoa. 


fS« 


between  siiCifssive  layers  to  prevent  contait  .mil  the  formation  <  f  witly 
tiiircni>.  Tlic  ti'und.ition  linj;  .mil  mhiic  ul  the  inner  i.oiiv<>lutii>ni  i)t  tape 
were  hlottiil  .mt  t>>  receive  tlu  niin-riietal  ilrivinn  .iriii',  <><  wliiih  there 
were  two  Mt'i  il.inipeil  loj^iUier,  one  on  either  siile.  I'iK-  50'  sliuws  some 
of  the  iletaiK,  an.!  the  pi Mtion  of  the  coils.  Square  wire  was  iiseil,  and 
as  the  coils  diil  not  cover  the  entire  external  siirt.ice  ol  the  .innature  lore 
there  was  ample  ventilation.  The  ti>»iire  also  ^hows  how  the  pole-pieces 
embrace  the  lull  depth  of  the  riiiK,  and  thus  reduce  the  reluctance  of  the 
gap  between  the  iron  of  the  polo  piece^  and  the  iron  ol  the  armature. 
End  pl.ty  of  till-  drivim;  shall  wa-.  prevented  by  a  deeply  ^jrooved  Babbitt- 
met. d  thrust  bearing  .it 
one  V '    1. 

Si  .^ 

had  lo,  •  1 

north 

armatur. 

single 

embraced 


:'ic-     machine 

.  S^'   I  nately 
^oi'ti.,   every 

'•\.   ilti'.ng    a 

.:■!..     twice 

a  maximum 
number  of  positive  lines 
of  torce,  and  thus  there 
were  two  points  of  m.ixi- 
mum  and  two  points  ot 
minimum  potential  on  the 
collector.  In  the  earlier 
machines  there  were  four 
distinct  brushes  fixed  at  (^o' 
angular  distaiv-e  from  one 
another  round  liie  com- 
mutator at  the  above  four 
points,  providing,  there- 
fore, either  two  separate 

circuits,  or,  by  being  joined  together  in  parallel,  throwing  the  whole  current 
of  iIh-  machine  into  a  single  circuit.  But  by  inttrn.d  cross  con nwt ion  this 
nu-.i  ')er  was  reduced  to  two,  fixed  90*  apart. 

Multipolar  Dynamos.  —  Several  reasons  —  mechanical,  electrical,  and 
magnetic— induced  builders  of  large  continuous  current  dynamos  to  develop 
a  class  of  machines  in  which  the  field-magnets  have  more  than  two  poles. 
The  mechanical  and  ther  adv;.nt.iges  of  coupling  the  dynamo  di  tly  to 
the  shaft  of  the  '  iguie  pointed  to  the  necessity  of  designing  a  dyn;  >  taat 
would  generate  lb<;  necessary  electromotive  force  at  a  much  lower  speed 
than  was  at  first  thouTht  to  be  possible  ;  for  the  slowest-i  unning  dynamo  of 
early  days,  with  its  speed  of  700  -.)r  .^oj  revolutions  per  minute,  lould  not 
possibly  be  so  coupled  to  the  qi'ickest  speed  reciprocating  steam-engine  then 
available.     Engine  builde  "heir  side,  endeavijured  to  meet  the  ditliculty 


Fig  w^.— Victoria  Dynimo  iKnd  Vifw  and  Transvrrw  S«tionl. 
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by  designing  high-speed  engines  ;  but  their  hmits  were  then  lower  than  the 
speed  just  mentioned,  and  had  not  electricians  reduced  their  demands  in 
this  respect  direct  couphng  would  have  remained  for  M>nie  time  impossible 
for  continuous  current  machine's. 

The  E.  M.  V.  developed  by  a  dynamo  depends  on  the  speed  with  which 
the  conductors  of  the  ari;.ature  cut  across  the  magnetic  field  produced  by 
the  field-magnets,  and  one  way  of  maintaining  a  given  speed  of  the  con- 
ductors, whilst  diminishing  the  number  of  revolutions  of  the  armature  per 
minute,  is  to  build  armatures  of  large  diameter.  But  two-pole  machines 
become  very  cumbrous  and  unwi'ildy  if  this  plan  is  pushed  very  far. 

If  instead  of  two  poles  w^-  surround  the  armature  with  four,  and  cause 

the  same  flux  of  magnetic 
lines  to  pass  through  each 
as  when  we  had  only  two, 
then  ft)r  the  same  armature 
we  could  with  one-half  the 
speed  obtain  the  same  K.  M.  v. 
As  a  matter  of  fact,  the  gain 
in  practice  cannot  be  so 
great,  because  the  surface  of 
each  pole  cannot  be  as  large 
as  in  the  two-pole  case,  and 
therefore  the  magnetic  flux 
must  be  less.  But  by  in- 
creasing the  diameter  of  the 
armature  we  get  increased 
room  for  polar  surface,  and 
at  the  same  time  increase 
the  circumferential  speed 
for  a  given  number  of  revo- 
lutions per  minute.  Both  these  changes  tend  to  bring  about  the  desired 
result.  The  ^-neral  arrangement  of  the  magnetic  circuit  of  such  a  four- 
pole  machine  is  depicted  diagrammatically  in  F"ig.  510.  The  exciting  coils 
of  the  field-magnet  are  wound  upon  the  four  poles  N,  S,  N„  S„  which  are 
directed  inwards  from  a  heavy  yoke,  u  u  c  </,  which  forms  the  outer  frame 
of  the  machine.  These  poles  are,  of  course,  alternately  north  and  south. 
The  iron  of  the  armature  is  represented  by  ii,  and  the  course  of  the 
magnetic  flux  is  shown  by  dotted  lines.  It  will  be  noticed  that  on  leaving 
the  cores,  either  for  the  armature  or  yoke,  the  lines  from  any  pole  divide 
into  two  bundles,  which  pursue  different  paths  to  the  right  and  left. 

The  actual  machine  whose  magnetic  circuit  is  represented  m  Fig.  510 
w.is  a  dynamo  built  by  the  (X'rlikon  Maschinenfabrik  of  ,'!urich,  and  h.ul 
an  mitpul  ot  300  ampe-es  at  600  volts,  or  240  electrical  lu)r>e-pi>wcr,  and 
therefore    nearly    double    that    ot    the    eaily  steam-dynamos.       The    field 


Fi(.  siOk— Magnetic  Circuits  of  a  Four-pole  Dynamo. 
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niapnets  were  of  c;i>l  in.ii,  ami  bcv.iusc  of  the  li.wci  pcnufabilily  had  to 
be  more  massive  than  if  they  Were  of  wrou^lit  iron  or  mild  steel.  The 
lower  part  formed  a  single  casting  with  the  bed  plate  and  supports  for 
the  beurmgs,  and  the  upper  pan  was  bolted  to  it.  The  armature  was  of 
the  then  large  diu.ieler  of  37  inches,  and  had  a  central  hole  l\  inches 
m  diameter,  which  secured  good  ventilation,  keeping  the  conductors 
co(j1  at  lull  load ;  its 
length  was  32  inches, 
and  it  was  driven 
by  a  spider  keyed 
to  the  shaft,  and 
having  eight  arn.s 
which  fitted  into 
notches  in  the  iron 
of  the  core.  This 
core  consisted  of 
wrought  -  iron  flat 
rings  or  washei  s 
'OJ4  inch  in  thick- 
ness. The  Gramme 
ring  method  of 
winding  was  useil, 
the  conductor  being 
a  iq-str.ind  cable 
making  400  convolu- 
tions, every  second 
one  of  which  was 
connected  to  the 
commutator.  An  in- 
spection of  Fig.  510 
will  show  that  there 
must  be  four  neutral 
points  round  this 
armature,  and  in 
this    machine    four 

sets  of  brushes  were  used,  connected  two  and  two  in  parallel 
required  for  the  above  output  was  480  revolutions  per  minute. 

The  multipolar  dynaiiio  shown  in  I*'ig.  511  is  one  wliicli  was  exhibited 
by  Messrs.  Siemens  and  Halske  at  the  Frankloit  Kxhibiiioii  of  iH<ii.  It 
is  interesting  in  two  ways  ;  firstly,  becau.se  the  nitating  armature  was 
placed  outside  the  fi.\ed  field  magnets,  and,  secondly,  because  the  com- 
mutator as  a  separate  part  ol  the  machine  wa^  dispeiiseil  «i  h,  iht  col- 
lecting brusl'.es  simply  resting  upon  the  outer  wires  of  the  armature  whose 
external  iurfaces  aic  left  bare  for  the  purouse. 


Fl(.  5if .— Siamwis  and  Kalike's  Internal  Pole  Dyiiaino 

The  speed 
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The  machine  liad  a  field  nuiKntt  wilh  ten  poles  directed  nidially 
outwards  Iroin  a  solid,  heavv,  central  yoke  ring,  the  diameter  tioin  the 
face  of  one  pole  to  the  face  of  the  opposite  one  being  «  feet  1 1  inches. 
Each  core  carried  one  magnetising  coil  about  14  inches  long,  whic);  was 
traversed  by  a  shunt  current.  The  arn)ature,  which  is  obviously  of  the 
ring  type,  was  9  feet  10  inches  in  external  diameter,  and  consisted  of 
810  external  and  810  internal  copper  bars,  united  by  end  connections  so 
as  to  form  a  continuous  spiral  closed  on  itself.  The  external  conductors 
were  04  inch  wide,  insulated  from  one  another  by  compressed  p.iper, 
and,  as  already  explained,  form  the  commutator  of  the  machine.  The 
spider  arms,  which  drive  the  armature,  were  mounted  directly  on  the 
shaft  of  the  driving  engine,  without  any  coupling  between  the  dynamo 
3nd  the  engine.  There  were  altogether  ten  sets  of  brushes  alternately 
connected  together  so  as  to  form  two  parallel  groups  ot  five  each.  All 
these  sets  could  be  simultaneously  shifted  round  by  means  of  the  wheel 
ge:iiing  seen  at  the  side,  and  could  be  lifted  out  of  contact  altogether  by 
moving  the  hand-lever. 

The  normal  speed  of  the  machine  was  «o  revolutions  per  minute,  at 
which  It  gave  a  current  of  2,000  amperes  with  a  pressure  of  150  volts; 
its  output  was  therefore  300  kilowatts  or  400  electrical  horse-power.  It 
had,  however,  been  run  at  100  revolutions,  at  which  the  potential  differ- 
ence rose  to  200  volts,  and  as  the  armature  could  carry  ,5,000  amperes 
without  undue  heating  the  full  capacity  of  the  machine  may  be  taken 
to  be  600  kilowatts  or  800  electrical  horse-power. 

We  do  not  propos-,  to  carry  the  history  of  continuous  current 
dynamos  any  farther  just  now,  but  shall  reserve  such  other  historical 
comments  as  may  be  necessary  for  the  technological  section. 


?<: 


CHAPTER    XIV. 
ALTERNATE    CURRENTS    AND    ALTERNATORS. 

I. — Al.TKRNATh    KI-ECTHIC    CURRFNTS. 

The  electric  currents  considered  in  the  foregoing  pages  are,  lor  the  most 
part,  such  as  flow  steadily  for  an  appreciable  time  in  one  direction  in  the 
conductor  or  conductors  of  the  circuit,  being  maintained  therein  by  a  steady 
electro-motive  force  or  potential  difTerence.  In  other  words,  they  are  unidireC' 
tinnal  currents.  It  is  true  that  the  h.  m.  f.'s  generated  in  the  armature 
of  a  continuous-current  dynamo  are  being  continually  reversed  in  direction 
in  the  conductors  of  the  armature,  but,  by  means  of  the  commutator,  the 
consequent  r.  n.'s  in  the  outer  circuit  are  all  brought  into  the  same 
direction,  and  steady  direct  or  continuous  currents,  as  they  are  called,  flow 
in  that  circuit.  Kven 
in  the  armature,  if  we 
do  not  consider  what 
happens  in  the  indi- 
vidual conductors,  the 
currents  generate*  are 
always  in  the  same  di- 
rection in  space.  That 
is,  viewed  from  any 
fixed  position  outside 
the  rotating  armature, 
the      currents     would 

alwaj'S  appear  to  be  flowing  in  the  same  direction.  If,  however,  the 
commutator  be  suppressed,  ami  the  armali-re  and  the  outer  circuit  be 
put  in  series  by  means  of  sliding  contacts,  such  as  we  see  in  Fig.  457, 
then  the  changing  v.  u.  k.'s  in  the  conductors  of  the  ai  matures  must 
produce  currents  with  similar  chaiii^es  in  the  outer  circuit. 
•  For  insiaiKc,  the  varying  viiiuis  of  the  K.  M.  v.  ni.iy  be  represented 
by  some  such  curve  as  that  shown  in  Fig.  512,  where  thj  values  of 
the  K.  M.  K.,  at  successive  instants  of  time,  are  plotted  '.ertically,  the 
time  itself  being  measured  along  the  horizontal  line  o  x.  positive  values 
of  the  F-.  M.  K.  are  marked  off  above  the  line  o  x,  and  negative 
ones  below  that  line,  the  vertical  s<  .ile  in  both  cases  being  the  same. 
The  result   is  the  curve,   of  which   three   loops  are  shown,  two  positive 
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and  one  negative.  Tliest  loops  arc  supposed  to  be  precetled  and  followed 
by  a  great  iiuniber  of  |ireci>c)y  biiiiiiar  loops,  the  condition  being  that 
the  -|-  and  —  loops  arc  to  alternate  as  we  move  from  left  to  right 
along  the  time  line  o  x. 

Now  such  an  impressed  v.  m.  f.  must  obviously  give  rise  in  a  simple 
circuit  (i.e.  with  no  commutator  in>,crtcil)  to  a  current  which,  if  similarly 
plotted,  would  show  -^  and  —  loops  following  one  another  with  the 
same  frequency  as  the  loops  of  h.  m.  f.  For  it  is  manifest  that  the 
current  cannot  always  be  in  one  direction  when  the  e.  m.  p.  is  changing 
in  direction,  as  shown  in  Fig.  512.  On  the  contrary,  it  must  follow 
these  changes  more  or  less  promptly,  but  so  that,  )n  the  whole,  in  a 
given  interval  of  time  the  current  changes  in  direction  as  frequently 
as  the  E.  M.  K.  For  reasons,  however,  that  will  presently  be  set  forth, 
the  shape  of  the  current  curve  may  be  very  diflerent  from  that  of  the 
8.  M.  K.  curve,  though  it  must  consist  of  tlie  same  number  of  loops  per  second. 

Such  a  current  is  known  as  an  alternating  or,  mo/e  shortly,  an 
alternate  current.  Most  usually  the  changes  in  the  magnitude  and 
direction  of  the  current  follow  one  another  in  a  definite  cyclic  order, 
a  complete  cycle  embracing  all  the  changes  from  the  instant  when  the 
current  has  a  certain  value  in  one  direction  until  it  again  has  the  corre- 
sponding value  in  the  same  direction.  When  such  cycles  are  repeated 
over  and  over  again  in  precisely  the  same  manner  for  a  very  great 
number  of  times  a  kind  of  steady  condition  of  things  is  set  up,  and  the 
current  in  a  certain  sense  may  be  said  to  be  steady.  The  changes  then 
are  described  as  both  cvclic  and  periodic. 

If  successive  cycles  are  not  exactly  similar  in  all  details,  then  the 
changes,  though  cyclic,  are  not  periodic.  Thus  the  successive  beats  of 
a  pendulum  are  both  cyclic  and  periodic,  but  the  motion  of  a  train 
on  the  Inner  Circle  Railway  of  London,  though  cyclic,  is  not  periodic, 
because  the  minor  details  of  the  motion  differ  in  successive  cycles. 

Other  quantities  besides  k.  m.  p.  and  current  may  pass  through  cyclic 
and  periodic  changes,  and  in  all  cases  the  time  (t)  occupied  in  making  a 
complete  cycle  is  known  as  the  period  or  as  the  periodic  time  oi  the  cycle. 
It  is  usually  measured  in  seconds  or  fractions  of  a  second,  and  then 
the  number  («)  of  cycles  per  second  is  called  the  frequency.  These 
two  quantities  are  obviously  connected   by   the   equation 

«T  =  I 

For  example,  if  a  cycle  have  a  periodic  time  of  ^^gth  of  a  second,  the 
frequency  will  be  100  per  second.  In  power  transmission  and  electric 
lighting  the  frequencies  vary  from  25  to  120  per  second,  but  in  experi- 
mental work  they  may  be  as  high  as  thousands  or  even  millions  per 
second. 

Pulsating  Currents.— Besides  alternate   currents  we   may   sometimes 
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have  currents  whose  values  pass  through  cyclic  and  periodic  changes, 
but  the  currents  themselves  are  always  in  the  same  direction.  Such 
currents  fluctuate  between  maximum  and  minimum  values,  but  the  latter 
never  fall  so  low  as  to  cause  a  reversal  in  direction.  Such  a  current 
would  be  that  depicted  graphically  in  Fig.  511,  which  is  drawn  in  the 
same  manner  as  Fig.  51a.  We  have  an  analogy  to  these  currents  in 
the  flow  of  blood  through  the  body  as  controlled  by  the  beat  of  the 
heart.  The  flow  is  sometimes  more  rapid,  sometimes  more  sluggish 
than  the  average,  but  it  is  always  in  the  same  direction,  and  passes 
through  seri.j  after  series  of  cyclic  and  periodic  changes.  In  accord- 
ance with  this  analogy  the  electric  currents  referred  to  are  known  as 
pulsating  currents. 

Importance  of  the  surroundingr  Medium.— Whether,  however,  the 

currents  bt  true  alternate  currents  01  simply  pulsating  currents,  whether  they 
be  truly  periodic  or  not,  y 
or  even  whether  they 
be  strictly  cyclic  or 
not,  the  point  in  which 
they  diflPer  from  the 
currents  previously 
considered  is  that  they 
are  subject  to  rapid 
and  recurring  changes 
in  value.  These 
changes   in   the   value      ^ 

of  the  current  lead  to  Time. 

corresponding  changes  ^'*=  su.-Dbirjm  of  >  Puiutim  Cun.m. 

in  the  amount  of  energy  stored  in  the  surrounding  medium,  and  it  is 
the  necessity  for  taking  account  of  these  energy  changes  in  some  form 
or  other  that  constitutes  the  additional  factor  to  be  considered.  We 
have  seen  that  the  energy  stored  in  the  medium  may  be  electro- 
magnetic or  electrostatic,  or  both.  As  a  matter  of  fact,  it  is  both 
in  all  cases.  But  in  many  practical  cases  the  electro-magnetic  store  of 
energy  is  so  many  times  greater  than  the  electrostatic  store  that  the  latter 
may  be  disregarded  in  comparison  with  the  former.  It  is  only  when 
the  electrostatic  capacity  of  the  oppositely  charged  conductors  is  large 
that  It  must  be  taken  into  account,  and  such  cases  are  not  infrequent 
under   certain   engineering   conditions. 

'I — HLEMENTAKV    LAWS   OF   SIMPI.K   ALTERNATE  tURKKNTS. 

As  regards  the  electro-magnetic  energy  stored  in  the  medium,  we 
have  already  seen  (page  4^:3  ft  T^y.)  that  the  changes  occurring  in  it  make 
themselves  felt  in  the  circuit  by  means  of  the  e.  m.  i  .'s  of  self-lnduction, 
and  that   these  e.  w.  f.'s  are  directed  so  as  to  oppose    the   magnetising 
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current  when  the  inaj^nctic  field  is  increasing,  and  to  assist  the  current 
when  the  lielil  is  diminishing.  Therefore,  in  applying  Ohm's  law  to  this 
case  we  must  tai^e  account  of  these  v..  M.  F.'s  as  well  as  of  those  of  the 
battery  or  electric  generator  which  is  our  primary  source  of  electric 
pressure.  It  i.s  sometimes  said  that  Ohm's  law  does  not  apply  to  alternate 
current  circuits.  The  statement,  however,  is  inaccurate,  lor  if  all  the 
circumstances  are  taken  into  account  Ohm's  law  is  strictly  applicable, 
but  it  cannot  be  expected  to  lead  to  accurate  results  if  some  of  the 
electric   pressures  in   the   circuit   are   neglected. 

Inductance.— To  obtain  a  general  idea  of  the  effect  of  the  additional 
factor  we  must  remember  that  the  e.  m.  v.  of  self-induction  is  measured 
by  the  rate  of  change  of  the  magnetic  lines  of  force  enclosed  by  the  circuit. 
If  we  consider  the  individual  conductors,  the  e.  m.  f.  is  measured  by  the 
rate  at  which  the  magnetic  lines  cut  the  conductor  considered.  The  ratio 
of  the  total  number  of  lines  N  in  a  circuit  to  the  current  c  producing 
them  is  often  referred  to  as  the  co-efficient  of  self-induction,  or  more 
shortly   the   inductance   (l.)   of  the  circuit.     Thus  we  have 

N 
N  =  IT 

If  we  assume  that  the  inductance,  as  above  defined,  is  independent  of 
the  current,  an  assumption  which  is  not  true  when  iron  forms  any 
considerable  portion  of  the  surrounding  medium,  then  n  and  c  will 
vary  proportionally.  Thus  if  dc  denote  a  small  increase  in  c  (which 
becomes  c  +  d  i:)  and  d  n  the  corresponding  small  increase  in  N  (which 
therefore  becomes  N  -I-  rf  N),  we  have 

N  +  </  N  =  I.  (c  +  rf  c), 
and  therefore 

d  s  =  L  d  c 
If  these  changes  occur  in  the  short   time  d  t,  then   the  rate  of  change  in 
N  is  given  by  the  equation       ,  , 


dt 


dt 


the  right-hand  side  of  which  expresses  the  magnitude  of  the  back  k.  m.  f. 

of  self-induction   in    terms  of  the   inductance  and   the   rate  of  change  of 

•ihe  current.     When  the  current  is  increasing  the  K.  M.  f.  of  the  generator 

has  to  balance  this  back  v.  m.  k.  as  well  a.'^  to  provide  the  p.  D.    necessary 

to   send    tiie   current    i     through    the    resistance    K.     Ohm's  law   equation, 

is  given  on  page  i*^-,   therefore   becomes  for  this  case 

,/(■  ♦ 
K  I'   =  H  —  I.     r;      (l) 


dt 


K    (■  -t-   I.   V 
d  t 


(») 


*  Tbe  nunu!>  ^ign  is  icijuited  b;  Lciu  law,  since  an  increase  in  c  gives  a  back  (or  — )  B.  M.  r. 
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where  If  is  the  F.  m.  f.  ot  the  K<^iKi.iti.r.  Tlii^  n|iiati(>n,  uliich  is  the 
fundanipiital  equation  when  th  ■  current  is  ihanjiiiv:;  untortuiiateK 
contains  tlie  iiitiiiitely  small  quantities  J  c  anil  7  /,  as  well  a>  the  varyinR 
quantity  f.  The  form  oi'  its  solution  in  finite  terms  ile|H'uils  u[H)n  the 
form  of  tile  variation  of  k,  which  is  somelinies  very  complex. 

Sine  Curves. —Hut  if  e  or  c  be  a  cy'  and  periodic  function, 
Fourier  lo'ig  ago  showed  that  either  can  be  expressed  algebraicallv  as  a 
sum  of  trigonometrical  sines  and  cosines,  in  which  the  time  /  is  the 
variable,  and  appropiiate  constants  are  introduced  to  adjust  the  actual 
magnitudes.  Thus  in  the  diagrams  of  Fig.  514,  which  are  drawn 
according  to  the  same  conventions  as  Fig.  512,  the  curves  drawn  with 
thick  lines  carj  be  resolved  into  the  simpler  curves  a  and  B  shown 
hy  the  dotted 
'.nes.  In  {a) 
■  le  compo- 
nent curves  a 
and  B  have 
periodicities  in 
the  ratio  of 
three  to  one  ; 
that  is,  curve 
B  has  three 
times  as  many 
periods  per 
second  as 
curve  A.  All 
the  curves, 
however,  cross 
the    zero    line 

at  the  same  time,  and  the  resultant  curve,  though  ciriously  unlike  either 
of  them,  has  a  certain  symmetry.  In  (A)  the  component  curves,  besides 
having  periods  in  the  ratio  of  three  to  one,  cross  the  zero  line  at 
difTerent  points.  The  resultant  curve  produced  is  still  less  similar  to 
its  components,  and  is  curiously  and  unsymrnetrically  humj)ed.  At  first 
sight  it  is  difficult  to  believe  tliat  such  a  curious  curve  could  be 
resolved  into  two  such  simple  and  syninielrica!  ones. 

In  both  figures  the  compoiieiu  curves  are  sine  curves,  and  as  the 
curves  for  sine  and  cosine  functions  are  exactly  simil..r  in  form,  the 
simplest  supposition  that  can  be  made  for  the  variation  of  v  or  of  c 
is  that  it  follows  a  sine  inv.  The  ccr.e  ni  Fig.  ;i;  shows  graphically 
such  a  function  for  one  complete  cycle.  In  it  time  is  plotted  hori/ontally, 
and  the  H.  m.  F.  or  the  current  plotted  vertically  upwards  (+)  aii'  down- 
wards (^)  from  the  centre  line,  which  is  also  ihc  /em  line.  The  figures 
along   o   T   are  fractions  of  the   periodic   time,   which    is    represented    by 
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between  h  and  h',  other  f 
curvey  c  e  tn  :•'  e  to  give 
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o  T,  the  correspondin);  values  oi 
tlie  function  being  ubtain'-d  in 
'.he  way  shown  by  projection  from 
the  circle,  the  circumference  of 
which  has  been  divided  into  the 
same  number  of  fractional  parts 
as  o  T.  The  radius  n  o  is  to  be 
regardei5  as  revolving  round  D  in 
a  cl(x:k»vise  direction,  so  as  tn 
make  a  complete  revolution  in 
the  time  t.  At  each  instant  the 
distance  of  o  above  or  below  the 
datum  line  A  D  b  will  give  the 
corresponding  ordinate  or  vertical 
height  on  the  sine  curve. 

Effects    of   Inductance  in 

Simple  Cases. — To  examine  the 
effects  of  inductance  when  the 
current  follows  this  simple  law, 
plot,  by  the  above  or  any  othei 
method,  :.  sine  curve  x  H  h'  H, 
etc.  (Fig.  516),  to  represent  the 
current  c.  To  obtain  from  this 
the  E.  M.  F.  of  self-induction,  we 
observe   that  the  shpi-  of  h  h'  H 

measures  the  rate  of  change    -j— 

111  the  current,  and,  therefore,  to 
a  proper  scale  the  k.  m.  f.  of  self- 
induction    [L    J-;  )•       The   slope 

is  steepest  where  the  curve  crosses 
the  zero  line,  and  here  we  have 
the    maximum    values   (cither  — 
or   ^")    e,  /,  e,  etc.,   of  the    in- 
duced E.  M.  F.     The  slope  is  zero 
at   the   points  H,  h',  h,  etc.,  and 
therefore  here  we  have  the  points 
■J,  etc.,  where  t)ie  induced  e.  m.  f. 
i-:  j-ero.      li--v  ;nbering  that   the 
curve  must  be  negative  whilst  the 
cu'-'nl   is   con^iiiualiv  increasing 
ii>''s  can  easjiv  be  -btamed,  and  ,ve  get  the  dotted 
thi.  .aiues  ol  the  self-iuJ action  or  ind;  clivc  e.m.  P. 
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Now  the  curve  h  h'  h  can  also  bo  taken  to  represent  the  acting  oi 
ffffctive  s.  M.  F.  (k  ( )  which  ^ends  the  current  c  through  the  resistance 
R,  for  the  two  quantities  c  ami  k  r  must  alternate  together,  and  it 
is  only  a  question  of  adjusting  the  scale  of  the  aniptres  and  the  volts 
to  make  the  same  curve  rej'.reseiit  both. 

This  efTective  e.  m.  k.  is  the  algebraical  autn  of  yil  the  actual  r.  m.  k.'s 
in  the  circuit,  which  consist  of  the  k.  n:  k.'s  due  to  inductance  and 
the  E.  M.  K.  of  the  generator,  or,  as  we  may  call  it,  the  imprastd 
E.  M.  F.  The  last-named  k.  m.  f.  is,  therefore,  equjl  to  the  diflference 
between  the  efTective  and  the  inductive  e.  m.  f.'s,  and  we  can,  therefore, 
obtain  the  shape  of  the  necessary  curve  by  mbtriUting  the  curve  e  e'  t 
from    the    curve   H  h'  h.      This    is    readily    done   by    taking   a    tufficient 

E  J.^ 


E.  E 

Fig  J1&— Effects  of  IndocMnc*  in  an  Alicrnau  Currant  Ciicidb 

number  of  points  along  o  T,  and  for  each  point  algebraically  subtracting 
the  ordinate  (as  the  vertical  distance  is  called)  of  the  first-named  curve 
from  the  ordinate  of  the  second,  and  marking  oflT  the  result  as  a  new 
ordinate.  When  the  ordinates  are  on  opposite  sides  of  o  T  they  are 
to  be  added,  and  the  point  marked  off  on  the  h  h'  h  side  ;  when  they 
are  on  the  same  side  tl.i.-  ditference  is  to  be  taken  and  plotted  on  the 
H  n'  H  side,  if  that  ordinate  be  the  greater,  and  on  the  opiK)site  side 
if  it  be  the  lesser  of  the  two  ordinates.     The  result  is  the  curve  E  e'  e. 

Phase  <iniJ phasf -difference. — In  the  figure  now  completed  the  three  curves 
do  not  reach  their  positive  ma.xima  at  the  same  time  ;  in  other  words, 
they  are  not  in  the  same  phnse.  The  fraction  of  the  full  periodic  time  at 
which  currents  of  the  same  period  successively  reach  their  positive  maxima 
expresses  the  diference  nf  phase  between  them.  Thus,  if  the  period  be  ^J^th 
of  a  lecond,  and  one  current  reaches  its  positive  maximum  5^,V,jth  of  a  second 
after  anothei,  its  p*-.  ,se  is  said  to  be  (me-third  of  a  period  behind  the 
first.  By  the  phase  of  the  currents  being  opposite  we  mean  that  one 
reaches  its  negattt'c  maximum  at  the  same  time  that  the  other  readies  its 
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positive  maximum.  Any  other  salient  position  may  be  used  for  comparing 
phases,  /•./,'.  tlie  nioineiit  of  crossing  the  zero  line  on  the  upward  swing. 
For  instance,  tlie  rurve  e  r'  e  lags  a  quarter  period  behind  the  curve  H  h'  H  ; 
that  is,  it  arrives  at  its  p4>sitive  maximum  /  exactly  a  quarter  period  later 
than  H  h'  h.  Again,  the  curve  h  h'  h  lags  behind  the  curve  K  k'  k  by 
whatever  fraction  of  a  jteriod  is  represented  bv  n  p. 

Again,  if  K  k'  e  represent  the  impressed  v.  M.  K.,  then,  with  the  scales 
used,  the  same  curve  would  have  represented  the  current  had  there  been 
no  inductance.  But  it  will  be  noticed  that  the  m  xinuim  values  of  the 
actual  current  curve  n  h'  h  are  less  than  those  of  the  curve  k  k'  R. 
This  is  technically  expressed  by  saying  that  the  ,imf<liliiiie  of  the  curve 
H  n'  H  is  less  than  the  amplitude  of  the  curve  H  k'  k. 

Thus   the  diagram   shows  thai   th-;  efTccts   of  induct.mce    arc   twolold, 

namely :  — 

(i.) — To  cause  the  current  cim-  to  lag  behind  the  curve  fw  the 

impressed  E.  M.  f.,  and 
(il.) — Jo  dimiiius/i  the  ampl'tude  of  the  current  nine. 
To    an  vc  at    the    s.iine    result   algebraically    we   must    write   for  the 

impressed  k.  m.  k. 

H  —  K„  Sin  pt.  Wliere  /  —  2  ir  «,  * 

n  is  the  periudici/v  r  number  of  complete  periods  per  second,  and  E, 
represents  the  maximum  voltage  at  the  toji  of  the  curve.  The  equation 
(a)  (see  page  ;  ?H)    to  be  solved,  therefore,  becomes 

dc 


R  c  +  L  ^  =  F„  Sin  //. 


(3) 


Now  the  current  c  must  have  the  same  periodicity  as  E,  but  may 
diflTer   in   phase  from   it.      It    must   also   follow   a   sine   law.     Further,   we 

have  seen   that    the   quantity  l  jj  '^8*    '^°°    •"    phase    behind    r,    and 

it  can  be  shown  that  its  numerical  value  at  any  instant  is  /  i.  C,  the 
value  of  c  taken  being  00°  earlier.  T>;  lombine  r  c  with  this,  and 
also  allow  for  the  phase  difTerence,  rctour-e  must  be  had  to  the  method 
of  Fig.  51?,  where  the  successive  \alue.s  of  the  sine  function  are  given 
by  the  position  of  one  end  of  a  line  revolving  rouml  its  other  end, 
OS  already  explained. 

A  diagram  in  which  only  the  circular  nail  of  Fig.  515  is  used  is  known  as 
a  clockdias^ram ;  it  is  convenient  when  several  sine  curves  have  to  be  dealt 
with  simultaneously,  each  curve  being  represented  by  the  revolving  radius 
from  which  it  can  be  derived  by  projection  according  to  the  method  of 
Pig  l^l-  In  s"ch  a  diagram  let  da  (Fig.  517)  represent  at  some  instant 
of  time   the   position   and    length    K  ("^  t  of   the    line,  wliich,  by  revolving 

•  This  value  of  /  is  taken  so  that  t  iu.iy  vanish  ui.tc  in  every  half  revolution,  or  when- 
ewr  '  i'  fqual  to  my  multiple  of    \.     It  is  really  the  an^itar  velocity  of  uo  (Kiy   515). 

+  In    what   follows    the  expressioni   E„   c„,    etc.,   denote   the   maximum   values  of   tha 
quantities  lefeaed  to. 
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round  D,  will  give  (as  in  FIr  51;)  tl.  lurvo  for  k  c.  the  effective  k  m  p 
Then  a  line  d  b  equal  to  /  i.  r.  an.l  lollnwiPK  »  •'  at  an  at.nul.ir  dlMatKC 
A  D  B  of  Qtf  will,  m  the  same  way,  Rive  the  curve  l.,r  tin-  i.uhut.ve  k,  m  k. 
Now,  o  A  IS  the  resultant  or  vector  >uin  of  the  iinpr.-scl  k  m  k  .m.l  the 
inductive  K.  M  K,  and  is,  therefore,  the  di-.g,,,,:,!  .,(  a  ,...r..lUI,.Rr.im  of 
which  the  other  two  lorm  the  sides.  Complete  tl.is  par..ll,  Ingram  I.  m  a  H 
by  drawinn  the  dotted  lines  as  in  the  figure,  ami  1,  m  will  l,c  the  p..>iti..i,  ,„.l 
magnitude  of  the  impressed  E.  m.  y.  at  the  instant  .oiisidcrcl.      ^ln^  >liuws 


I  I!.  Jffll— Con^trii'-lion  for  Imiir.Unc* 

(i.) — That  iiM  is  ill  trnnt  o( 
DA,  or,  which  is  the  -amc  thing, 
DA  lags  behind  ii  m.  In  other 
Wdnls,  the  effettive  I-.  m.  k.  and 
current  lag  beliitul  the  im- 
pressed k.m,  K.  The  angle  (if  lag 
=  A  1)  M    =   II  A  I!  =  A,  (supposed 

(II.)— That 

D   M"  =  A    !('  =  A    D"  -r   1 1    It* 
and,  therefore 

^'  =  V'  H'  '■7T~J'~l-'  C? 

H._  

c,  -     v/h'  +  /■■   .-■       (4) 

This  quantity  is  known  as  the  Impedance,  and  may  be  defined  as  the 
ratio  of  the  maximum  value  of  the  impressed  volts  to  the  mnximuiii 
current.  For  the  particular  case  given,  that  is,  when  the  impressed 
volts   H  =  K„  Sin  pt.,  we  have 

Impedance  =    v/R'+/'  U    (=) 

and  since  from  equation  (4) 


F'K  517.-CI0CI1  Diltram  fot  ■  Circuit  wiih  Inducunce. 


or 


K 


C') 

in    its    value,    is 


to 


v/k'  +  /'  I.' 
we  see  that  the  efect  of  l,  and  of  any  iiicre.ise 
cut  down  the  amplitude  of  the  current  :une 

The    impedance   can    be   represented    by  the   hvp"ilieiui-e  a'  h'  r.f   the 
triangle  A'i)'.'(Fig.  5i,><),  the  sides  of  which  are   k  (V  1.')  ,md  p  i.   (1/  „) 

The  angle   b'  a'  u'  =  A,  the   an^.-!..-   of  l.u'.   and   tan    \  -  '^-'. 
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There  is  another  and  still  more  suggestive  way  of  looking  at  the 
problem.  The  influence  of  inductance  is  confined  entirely  to  the  e.  m.  f. 
and  does  not  affect  the  resistance.  This  is  indicated  in  Fig.  516,  by  de- 
scribing the  curve  h  h'  h  as  the  curve  for  the  effective  e.  m.  f.  For 
the  instantaneous  value  of  the  current  we  have 

c  =  („  Sin  {pt-\)     (7) 

in  which  c,,,  the  maximum  value  of  the  current,  is  multiplied  by  the 
sine  of  an  angle  differing  from  p  t,  the  angle  for  the  impressed  k.  m.  f., 
by  X,   the    angle  of   lag.      Combining    this  with    equation   (6)    we    have 

•  ••  •••      (°) 


E„  Sin  (pl-\) 


E,  Sin  {pt 

'=  =  R 


X) 


y  R' + /'  I.' 

Since  Cos  X  =  — j-rr-  =       /  ,.    .  (by  definition) 


whence  c  = 


E.  Cos  X 


Sin  (pt  -  X) . 


(10) 


Since  Cos  X    (^7^)    is  always    a    proper    fraction,    this  equation    shows 

again,   as    in   Fig.  516,    not   only   that    there   is  a   lag   (X)   in    the  phase, 

but    that    the  amplitude   (e„  Cos  X)  of    E,  the   efTective   e.  m.  v.,   is    less 

than   the   amplitude   (e„)   of  the   impressed   E.  m.  f. 

With    the   E.  M.  F.  expressed  in   this   way  we  may  use  Ohm's  law   in 

its  ordinary   form 

E  E.  Cos  X  Sin  (pt-X) 

^-~r  -  K  ^"' 

which   we   may   also   write 

Current  =  ^|f^^  -  Cosine  of  Angrle  of  Lag 

Whichever  way  we  look  at  the  results,  it  is  obvious  that  the  magnitude 
of  pi.  relatively  to  r  is  the  important  physical  ratio,  and  it  is,  therefore, 
well  to  notice  that  the  disturbing  factor  /l,  known  as  the  reactance,  does  not 
depend  upon  the  inductance  only,  but  also  on  the  frequency  n,  and 
that  it  can  be  increased  by  increasing  etther  the  inductance  or  the 
frequency.  We  can,  therefore,  get  the  same  efTect  in  circuits  of  small 
inductance  if  the  frequency  be  high  as  we  can  in  circr-*->  of  great 
inductance  with  a  lower  frequesicy.  The  greatest  effect  is  produced  in 
circuits  in  which  both  the  frequency  and  the  inductance  are  great. 
Under  such  conditions  pj.  may  be  so  great  that  R  is  negligible  in 
comparison  ;  the  impedance  then  becomes  practically  equal  to  /l,  and 
the  current  is  inveisely  proportional  to  the  product  of  the  frequency, 
and  the  inductance  ;   simultaneously  the  angle  of  lag   becomes  practically 
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equal  to  qo°,  and  the  current  lags  a  quarter  of  a  period  behind  the 
impressed  k.  m.  k.  ;  in  this  case  the  two  are  technically  said  to  be  in 
quadr.Uim:  The  mo«'  jurious  result  of  this  condition  '..f  aflairs  is  that 
the  power  spent  in  tne  circuit  sinks  to  zero,  and  we  have  practically 
a  watllfas   ciirren:. 

It  is  well  to  repeat  here  that  the  solutions  given  above  only  apply 
iiumerically  when  the  impressed  h.  m.  k.  follows  the  simple  sine  law. 
For  other  f,  m.  k.'s  the  solutions  are  more  complicated,  but  since  the 
K.  M.  K.'s  can  always  be  resolved  into  combinations  of  sine  curves  we 
have,  m  all  cases,  the  general  results  that  the  eflTect  of  inductance  is  that 
the  current  lags  behind  the  impressed  e.  m.  f.,  and  that  its  maximum  and 
mean  values  are  diminished. 

Capacity  or  Permittance.— The  effects  of  capacity,  or,  as  it  has 
been  better  called  by  Mr.  Oliver 
Heaviside,/<Tw»'//rtHc^,  when  in- 
troduced into  an  alternate-cur- 
rent circuit,  are  very  diflferent 
from  those  of  inductance,  and, 
in  some  respects,  directly  op- 
posed to  the  latter.  The 
simplest  case  is  that  of  a  con- 
denser K  (Pig.  5iq),  connected 
directly  to  the  generator  g  by 
resistances  k  free  from  induct- 
ance. 

In  this  case,  if  v  be  the 
alternating  potential  difference 
between  the  terminals,  <;,  h. 
of  the  generator,  v  the  v.  D. 
between  the  terminals  of  the  condenser,  whose  capacity  or  permittance  is 
K,  and  R  the  total  resistance  of  the  connecting  wires,  we  have  the  equation 

R  c  -f  r  =  V 


Fiu  319, -Simple  Circuit  with  Capacity  (PcrmittUKc)  in  SctIm 


or 


R   C  -♦- 


^=V. 


(12) 


where  q  is  the  charge  of  the  condenser  at  the  moment  considered 
(J«  page  122).  Now  q  is  the  sum  of  all  the  previous  charges,  positive 
di-^cliarges  and  neg.itive  charges  being  subtracted.  To  obtain  this  sum- 
mation let  us  again  suppose  that  our  current  c  is  represented  by  the 
sine  curve  h  h'  h",  etc.  (F'g.  520).  The  charge  of  the  condenser,  wJ^'n 
a  steady  condition  has  been  reached,  will  then  pass  through  cyclic  and 
periodic  changes  of  the  same  period  as  the  current,  and  the  -f-  charge 
on  either  plate  will  be  at  a  maximum  when  the  •\-  current  to  that  plate 
is  zero  and  on  the  point  of  being  reversed  as  at  a.  Similarly  the  — 
charge  will  be  at  a  maxinmm  when  the  reverse  change  is  uking  place 
36 
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as  at  b.  Between  these  two  positions  there  will  be  a  point  c  obviously 
corresponding  to  the  position  of  maximum  -|-  current  at  which  liie 
charge  of  the  condenser  will  be  zero.  It  can  also  be  shown  that  the 
numerical  value  or  g  at  any  instant  can  be  found  by  the  rule. 


9  = 


where  c_j  i 


le  of  the  current  c  a  quarter  of  a  period  earlier,  and 
p  =  2  ir  n   zi.  Proceeding    in   this    way,   the  curve    representing 

the   varying  charge,   y,   of  the   condenser   can    be    drawn,   and    therefore 

the  p.  D.  curve  v  v'  v",  etc.,  representing  v  (  =  !/=:  ^— *), 

The    potential   difference  v  at  the    terminals  of  the  generator  will    be 


V  V" 

Fig.  52a — Effect  of  Permittance  in  an  Alteinate  Current  Circuit 

represented  by  the  curve  v  v'  v",  etc.,  wIiIlIi  is  the  sum  of  the  two 
preceding  curves  (see  equation  (12)). 

To  obtain  an  expression  for  the  value  of  the  current  Irom  equation  (12) 
in  finite  terms  assume,  for  reasons  already  given,  that 

v  =  V.  Sin// (13) 

Take  also  D  a  (Fig.  521)  to  represent  as  before  {see  Fig.  517^  at  some 
instant  of  time  the  position  and  length  of  a  line  which,  by  revolving 
round    1),  will    give   the    curve   for   r  c,  the    p.  d.  required  to    drive    the 

current  c  through  the  resistance  r.     Then  n  b  (  =  -— )  a  quarter  period 

behind  n  a  will  represent  the  condenser  p.  d.,  c„  being  the  maximum 
value  of  the  current.  The  impressed  p.  n.,  furnished  by  the  generator, 
will  have  to  be  d  n,  the  resultant  or  vector  sum  of  these  two  lines  obtained 
by  completing  the  parallelogram  d  a  n  B,  as  shown.  As  before  the  rela- 
tions of  the  resistance  (r),  the  reactance  (-1^)  and  the  impedance  can  be 
graphically  shown  by  the  triangle  a'  d'  n'  (Fig.  522). 


Jmpkdajkm. 


=^47 


From  Figures  520,  521  ami  522   we  deduce  the  following  results:— 

(i.) — That  the  current  curve  is  in  tront  ol  the  impressed  p.  D. 

curve  ;    in    other  words,  the   effect  of  permittance  in  an 

alternate-current  circuit  is  to  pri>duce  a  lead  in  phase  of 

the   current    relatively    to   the   !■.  n.      The   equation    for 

the  current  curve  may,  therefore,  be  written 

,,  .     T,.    ,  '  ='"»  Sin  (//. +  V)       (,4) 

(11.) — That 

*     '  I)   N'  =  _  I)   A*  +  I)   B' 

and,  therefore, 


^"=v/k'C  +  1^, 


or 


c°  -V 


K'  + 


/'  K' 


(•5) 


l-i»:.  522.~Constnictiun  for  Inip«duict. 

(in.) — Combininj»  ( 1 4)  and 
(15)  we  obtain,  in  the  same 
way  as  before, 
_  v„  Sin  ipt.  +  X') 


c  = 


\J       K 


!•  + 


t-ig.  511.— Clock  Diagram  for  a  Ctrcuii      nh  Ptrmittanc*. 


where    \'   is    the    angle    of 
lead,  and  is  =  a'  d'  n'  (Fig. 
522),   whence  we  find 
I 


tan  \'  = 


\/«'  + 


/>  K  k 


p,  K>    is  still  called  the  impedance,  for  its  effect  is 


The  quantity 

to  diminish  the  maximum  value  of  the  current.  It  sliuuld  be  noticed, 
however,  that  the  effect  diminishes  as  K  increases,  and  tends  to  become 
zero  for  infinitely  large  permittances.  For  very  small  permittances  the 
effect  is  large,  though  if  the  permittance  be  reduced  too  far  other 
phenomena  may  supervene.  It  should  also  be  noticed  that,  unlike  in- 
ductance, the  disturbing  effect  of  a  jiermittance  inserted  in  the  ( ircuit 
diminishes  with  increase  of  periodicity,  so  that  at  high  periodicities  the 
effect  tends  to  become  negligible. 

Inductance  and  Permittance  Combined.— It  is  easy  to  see  from  the 

foregoing   thai    the   effect  of  llie  permittance  reactance  f— -)  is  opposite 
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to  that  of  tile  inductance  reactance  {p  i.),  and,  without  going  ir  detail 
through  the  reasoning,  we  can  further  see  that  the  combined  effect  can 
be  obtained  as  shown  in  Fig.  52;  "vhich  is  a  combination  of  Figs.  518 
and  522.      u'  a',  as  before,  represents  the  resistance  k  ;  along  the  vertical 

line  a'  n'  is  fir-t  measured    the   permittance   factor    ,  -,     and     then    back 

fnim  n'  is  measured  n'  m'  =  to  the  inductance  factor  /  I..  The  line  n'  m' 
joining  t/  to  m'  gives  the  impedance,  and  the  angle  m'  d'  a'  is  the  atigle 
of  lead  (\")  of  the  current  with  respect  to  the  impressed  E.  M.  F.  The 
equations  for  impre  .sed  K.  m.  f.  current  and  angle  of  lead  are 

B  =        E,  Sin  //. 

E.  Sin  (/»/■  +  X") 


n/'^'+C  -k  -^0' 


tan  X"  = 


J^    -  f^ 


t'ii'  5^i — Pennilt.ince  and 
combined 


or 


The  eflects  of  permittance  and  induct- 
ance will  be  exactly  balanced  if 
I 


/K 


=  /l 


^  = 


When  this  condition  is  fulfilled,  we  have 


X"  =  0 


and 


c  = 


Sin  pt    _  B 
R  ""  R 

and  the  equation   for  Ohm's  law,   used   with   continuous  currents,  holds 
good  for  alternate  currents. 

irt. — POLYPHASE    CURRENTS. 

In  the  transmission  of  power  by  the  electric  current  over  long  distances 
the  ordinary  alternate  current,  as  we  shall  show  subsequently,  possesses 
certain  advantages  as  regards  economy  over  the  continuous  current.  Its 
greatest  drawback,  when  such  transmission  was  fi.st  attempted,  was  that 
it  could  not  be  used  economically  to  drive  electric  motors,  and  thus 
reproduce  mechanical  energy  at  the  distant  place.  It  could,  therefore, 
only  be  employed  in  lighting  glow  lamps  or  supplying  energy  to  appa- 
ratus in  which  heat  was  required,  such  as  for  electric  welding,  electric 
furnaces,  and  so  forth. 

In  1 89 1,  however,  the  problem  of  the  electric  transmission  of  power 
by  alternalc  currents  was  solved  at  the  Frankfort   Exhibition  by  the  use 
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•■'B-  5i«.— "Stat"  Connectioiu  of  Thm-phate  Aliernuor. 


of  currents  difTering  somewhat  in  character  from  the  ordinary  alternate 
urrent.  In  the  latter  two  conductors  are  used,  the  current  going  by 
one  and  burning  by  the  other,  and  at  any  instant  the  phase  of  the 
current  in  the  return  line  is  opposite  to  that  in  the  out-going  line, 
the  algebraic  sum  of  the  two  being  zero.  At  the  Frankfort  experi- 
ments three  conducting  lines  were  used,  and  the  currents  in  the  three 
lines  differed  in  phase  from  one  another  by  one  third  of 
Thus,  at  a  certain  instant, 

one   line  would   be  carry-  **       ^      /" 

ing  a  positive  current  equal 
in  magnitude  to  the  sum 
of  two  negative  currents  in 
the  other  lines.  An  instant 
later  the  first  and  second 
line  would  both  be  carrying 
a  positive  current  equal  in 
sum  to  a  single  negative 
current  in  the  third  line, 
and  so  forth.  The  currents  in  all  three  lines  are  alte  :  ate  ones,  but 
they  change  sign  at  instants  of  time  separated  by  intervals  equal  to  one- 
third  of  the  periodic  time  of  alternation.  The  advantage  of  this  curious 
arrangement  of  currents  was  that  efficient  electric  motors  could  be 
driven    by  them,    and   thus   the   problem  of  the    electric   transmission   of 

power  by  ?ltcrnate  currents 
was  satisfactorily  solved. 
We  may  remark  that  the 
principle  is  not  confined  to 
the  use  of  three  currents, 
but  can  be  extended  to  any 
number  of  currents  differ- 
ing in  phase  by  a  fraction 
of  the  full  period  corre- 
sponding to  the  number 
of  currents.  Sucii  currents 
ate  called  polyphase  currents;  the  phases  most  used  in  practice  are  either  two 
phasesor  three  phases,thecurrents  being  knownasdi-  and  tri-phaserespcctively. 

Generators  of  "hree-phase   Currents.— What  is  really  meant  by 

polyphase  .urrents  may,  perhaps,  best  be  illustrated  by  considering,  in  an 
elementary  manner,  how  such  currents  may  be  gene- ^ted,  and  for  this 
purpose  we  select  three-phase  currents.  Let  there  be  ihree  coils,  a,  b,  and 
c  (Figs.  524  and  525),  at  equidistant  positions  on  the  r' -g  armature  core  of  a 
two-pole  dynamo.  The  arrow-heads  are  intended  to  represent  the  direc- 
tions  of  the  induced  E.  M.  f.'s  at  the  instant  considered,  the  rotation  of  the 
ring  being  clockwise.      In  coil  a  the  K.  m.  f.  is  increasing,  in  coil  b  it  is 
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diminishing,  but  is  in  the  same  direction  as  in  A,  whereas  in  coil  c  it  is 
also  diminishing,  but  is  in  the  opposite  direction  to  what  it  is  in  coils  a 
and  B.  As  the  ring  rotates  it  will  be  evident  that  the  three  coils  have 
similar  alternations  of  k.  m.  k.  induced  in  them,  but  that  they  reach  their 
zero  and  maximum  positions  at  different  instants  of  time  ;  in  other  words, 
though   the   induced    e.  m.  k.'s  are  similar,   they  differ  in  pliiise. 

Theoretically  there  are  several  ways  in  which  these  coils  may  be 
employed  to  supply  polyphase  currents  to  external  circuits,  but  we  need 
only  refer  at  present  to  the  two  which  are  represented  ir.  Figs.  524  and 
525.  In  Fig.  524,  which  shows  what  has  been  called  the  "star" 
method  of  coimection,  the  three  corresponding  ends  of  the  coils  are 
joined  together  at  a  common  junction  j,  and  the  other  three  ends,  a,  f>, 
and  <-,  being  connected  to  three  insulated  rings,  can  then  be  used  to 
supply  three  separate  line  wires  with  three-phase  currents.     At  the  instant 


C  A'     '     B'     '     C 

t'i'  326.— Curves  for  Three-phase  CurrenU. 

represented  a  and  /^  are  giving  current  to  their  lines,  whilst  c  is  receiving 
from  its  line  a  current  equal  to  the  sum  of  a  and  f>.  Another  method 
of  connection,  which  has  been  called  the  "  mesh "  method,  is  shown 
in  Fig.  52s,  where  internally  the  end  of  one  coil  is  connected  to  the 
beginning  of  the  next,  as  in  an  ordinary  Gramme  ring.  Here  also,  if 
the  points  r/,  fi,  and  c  be  joined  to  collecting  rings,  three-phase 
currents  can  be  supplied  to  outer  circuits.  In  this  case,  at  the  instant 
represented,  the  currents  sent  out  from  a  will  be  equal  to  the  sum  of 
the  currents  in  x  and  v,  and  intermediate  between  them  in  phase.  The 
current  from  />  will  be  equal  to  the  difference  of  the  currents  in  2  and  y, 
and  of  intermediate  phase,  whilst  similarly  the  current  recei%-ed  by  c  will 
be  equal  to  the  sum  of  the  currents  in  x  and  2. 

It  is  also  possible  to  have  combinations  of  star  and  mesh  groupings. 
For  instance,  the  points  a,  f>,  and  c  in  Fig.  ;2K  may  not  be  directly  con- 
nected to  the  outgoing  lines,  but  joined  to  coils  appropriately  wound 
upon  the  ring,  the  other  ends  of  these  coih  being  put  in  connection 
with  the  line  wires.    Each  corner  of  the  mesh  will   then  have  an  active 
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coil  in...  posed  bttwccn  it   and  the  line,  and  the.se   added   coils    will    thus 
be  "star'    connected  by  the  nu>h. 

The  curretus  in  the  three  lines  generated  by  any  of  these  methods 
would  differ  in  phase  by  one-third  of  a  period,  or,  as  it  is  usuallv  said,  by 
120.  If  of  sine  form  they  would  be  represented  by  the  three  curve. 
A,  B,  and  r.  of  Fig.  :;^, 
where  each  curve  is  of 
exactly  the  same  shape,  but 
is  placed  so  as  to  difler  in 
phase  from  the  other  two 
by  the  required  interval. 
The  whole  period  for  any 
one  of  the  curves  is  repre- 
sented on  the  time  hne  by 
a  length  equal  to  t,  t„ 
which  is  taken  as  equiva- 
lent to  300°  of  angular 
movement  of  the  revolving 
line  from  which  the  curves 
are  drawn.  It  should  be 
noticed  that  if  vertical  lines 
I,  2,  3,  etc.,  are  drawn 
across,  the  sum  of  the  or- 
dinates  on  the  positive  side 
cut  oflT  by  any  such  line  is 
equal  to  the  sum  of  the 
ordinates  on  the  negative 
side.  Thus,  at  1  we  have, 
c  =  n  -I-  A  ;  at  2,  c  +  A=  B  ; 
and  at  3,  A  =  c  -I-  B  ;  where 
A,  B,  and  c  are  taken  to 
represent  the  ordinates  of 
the  respective  curves.  Thus 
the  algebraical  sum  always 
equals  zero. 

Generators   of  Two- 
phase  Currents.— Ihe 

other     class    of    polyphase 


Fig  s^t  -"Mesh"  Connection  of  Two-  (or  Four-)  phase  Altemuon. 


F'S  529.  — Ceneralor  Coi  nections  in  Quadrature  for  Two-ph.i^e 
Wurkinj;. 


currents  in  common  use  are  known  as  tuo-p/n  se  currents.  They  are  pro- 
duced  when  the  coils  of  the  generator  are  so  placed  that  the  e.  m.  f.'s 
set  jp  in  successive  segments  differ  by  a  quarter-period,  or  qo'.  In  such 
cases  they  are  frequently  described  as  being  in  quadratun-.  The  me  ods 
if  producing  such  c\irrent<:  with  a  ripgwound  atmalure  in  a  two-pole  field 
are  shown    diagraramatically  in  Figs. 527,  528,  and  529,  the  only  difference 


5Sa 


Electricity  in  the  Skk^ke  o/-  Max. 


between  the  figures  being  in  the  metliod  of  connecting  the  coils  inteinaily 
nd  to  the  outer  circuits. 

P'our  coils,  A,  B,  c,  and  d,  are  shown  upon  each  ring.  In  Fig.  527 
ive  have  the  "star"  method  of  connection,  similar  to  that  shown  in 
Pig-  5*4.  foT  three-phase  currents,  whilst  Fig.  52S  shows  the  "mesh" 
connections,  similar  to  the  connections  in  Fig.  525.  Fig.  520,  however, 
shows  a  combination  which  is  not  possible  with  tlie  three-phase  coils  of 
Piss.  524  and  525.  In  this  figure  the  coils  a  and  c,  which  are  opposite  in  phase 
at  every  instant,  are  so  connected  that  their  e.  m.  f.'s  are  added  to  .supply 
an  external  circuit  from  the  points  a  and  c,  whilst  the  two  other  coils  B 
and  ri  are  similarly  connected  to  one  another,  but  noi  to  a  or  c.  so  as 
to  supply  an  entirely  independent  circuit  attached  to  the  terminals  at 
b  and  </.  The  currents  in  these  two  external  circi'ils  so  ted  are  ordinary 
single-phase  alternate  currents,  having,  however,  the  same  periodic  time, 
but  differing  in    phase  by  a   quarter-period.     Tlieir   utility  consists  in   the 

fact  that  they  may  be  used 
either  quite  separately  or  in 
combination,  as  circumstances 
may  require.  When  combined, 
they  are  especially  useful  for 
motor  purposes.  The  current 
in  these  two  circuits  can  be 
represented  by  the  curves  I 
and  II  of  Fig.  Sj!o. 

The  figures,  as  drawn,  each 
require  four  comiucting  lines 
in  their  external  circuits,  but 
ii  Fig.  529,  where  internally  the  two  circuits  are  quite  independent,  it 
is  possible  to  reduce  the  number  to  three  by  making  a  common  return 
wire  do  for  two  adjacent  coils,  say  c  and  d. 

IV. — SIMPLE   POLYPHASE   CIRCUITS. 

So  far  we  have  dealt  only  with  the  gene,  at  or,  but  it  is  obvious 
that  the  outer  conductors  must  be  connected  in  some  way  to  correspond 
with  the  conditions  of  supply.  Where  they  are  used  to  supply  current 
to  polyphase  motors  and  transformers  the  connections  of  the  machines 
or  apparatus  are  suitably  arranged.  When,  however,  the  apparatus  to 
which  the  current  is  delivered  consists,  as  in  glow-lamp  lighting,  of  numerous 
separate  pieces,  each  of  which  has  two  terminals,  and  no  more,  some  care 
must  be  taken  in  arranging  the  circuits.  Two  cases  of  three-phase 
distribution  will  be  sufficient  for  illustration. 

In  Fig.  531  the  three-phase  generator,  g,  is  "star"  connected,  the 
common  junction  or  neutral  point,  as  it  is  sometimes  called,  being  ;. 
The  receiver  r  consists  of  three  groups  of  glow-lamps,  one  for  each  of 
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the  line  wires  «,  A,  and  c.  In  the  diagram  tlic  lamps  are  !itrun|i;  between 
bars  A',  ii',  and  c'  and  a  common  omnibus  or  junction  bar  j'j'j".  Thb 
junction  bar  j'j'j'  is  the  electrical  equivalent  of  the  junction  j  in  the 
g;enerator,  whilst  the  bars  a",  h",  and  C  take  the  place,  in  the  receiving 
app.^atus,  of  the  terminals  a,  b,  and  c  of  the  generator. 

In  Fig.   -  ^2  the  three  coils  of  the  generator  o  are  "  mesh"  connected 


A' 


iiuiflgaaafly 


B 
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and  deliver  current  to  the  line  wires  from  the  terminals  a,  b,  and  c. 
The  receiver  r  is  again  represented  as  consisting  of  a  load  of  three 
groups  of  glow-lamps,  but  they  are  now  so  arranged  as  to  reproduce 
elecfically  the  "  mesh  "  connections  of  the  generator.  In  examining  the 
details  it  should  be  noted   that    the  thick  1' les  a"  a"  are   the  electrical 
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equivalent   of  the  terminal   a,    b'b'    the   equivah  iit   of  b,    and  c'c"  of  C 
There  is  no  common  junction  bar  required  as  in  the  preceding  figure. 

It  is  obviously  desirable  that  in  grouping  the  lamps  at  the  receiving  end 
ilie  three  groups  should  consist  of  lamps  requiring  the  same  total  current 
4S  nearly  as  possible.     But,  when  the  load  is  distributed  amongst  a  gre4t 
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number  of  individual  consumers,  as  in  glow-lamp  lighting  from  a  central 
station,  the  equalisation  of  the  load  may  oflTer  almost  insuperable  difficulties, 
especially  when  many  of  the  smaller  consumers  are  each  placed  upon 
one  only  of  the  three  available  circuits.  Three-phase  distribution  is, 
thercforf,  not  commonly  employed  when  the  greater  part  of  the  load 
consists  of  glow-lamps.  Still,  glow-lamps  can  be  supplied  from  three- 
phase  circuits,  and  are  so  supplied  when  they  form  only  a  small  part  of 
the  ti'tal  l<>.id.  Tlicre  arc,  however,  various  kinds  of  transformers  which 
we  ,-ImII  describe  later,  and  which  more  or  less  efTectively  banish  the 
difficulties  indicated. 

The  cormections  for  other  polyphase  systems  follow  the  lines  of  the 
above  (liagrams  for  Rlow-lanip  or  similar  loads,  although  the  combinations 
possible  are  nuiiirous.  When  the  coils  of  the  generator  are  star  or  mesh 
i;onnected,  the  terminals  of  a  bi-termiii  il  load  should  be  similarly  connected, 
and  in  the  former  case  it  is  an  advaiuage  to  "  earth  "  the  common  junctions 
(j)  of  the  generator  and  the  load.  Where  there  are  independent  circuits 
in  the  generator  (as  \\\  Fig.  529)  the  number  of  lines  required  for 
transmission  in.iy  be  reduced.  Thus  in  Fig.  iz^^,  two  contiguous 
terminals,  e.g.  the  terminals  a  and  b,  may  be  joined  to  the  same  trans- 
mission line,  and  a  six-phase  generator  may  be  joined  up  similarly  to  three 
transmission  lines  instead  of  six. 


V. — ALTERNATORS. 

In  most  forms  of  continuous-current  dynamo  machines  the  E.  m.  f.'s 
and  currents  generated  ii-.  the  wires  of  the  armature  are  alternately  in 
opposite  directions,  and  are,  in  fact,  alternate  K.  M.  F.'s  and  currents.  As 
regards  the  outer  circuit  these  are  rendered  unidirection  1  by  an 
appropriate  commutator.  If,  however,  the  commutator  be  suppressed,  and 
connection  made  with  the  outer  circuit  by  sliding  contacts,  we  have  in 
that  circuit  the  alternate  currents,  some  of  whose  properties,  etc.,  we 
have  been  discussing.  Machines  constructed  to  furnish  these  alternate 
currents  are  known  as  alternate-current  dynamo  machines,  or,  more 
briefly,  as  alternators,  and  form  a  very  important  class  of  electric 
generators. 

Theoretically,  the  only  differences  between  a  continuous-current  dynamo 
and  an  alternator  are  the  absence  of  a  commutator  in  the  latter,  and  the 
fact  that  it  cannot  furnish  the  current  to  excite  its  own  field-magnets,  if 
these  be  electro-magnets.  It  might,  therefore,  be  supposed  that  the  two 
classes  of  machines  would  not  differ  much  in  general  design  and  appearance, 
uid  in  some  instances  this  is  so.  But  in  the  ni.jority  of  cases  the  design 
and  construction  of  an  alternator  differ  materially  from  those  of  a  con- 
iniuous-current  machine,  lor  the  suppression  of  the  commutator,  although 
lemoving  a  fruitful  source  ot  weakness  and  expense,  introduces  n'/v  com 
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plicaiidiis  which    must    be   faced,  ami    it  will,  thtrtfore,  be   convenient    to 
explain  here  the  details  of  a  few  leading  hi>ti)rical  types  ol  .dternator*. 

Historical.  -One  of  the  earliest  alternators  generating  large  current*, 
and  one  which  lor  some  time  was  widely  used  for  lighthouse  purposes,  was 
the  Alliance  machine,  represented  in  Fig.  53,5.  It  consisted  of  eight  sets  of 
compound  horse-shoe  magnets  fixed  symmetrically,  as  shown  ;  each  com- 
pound magnet  weighed  about  45  lbs.  The  machine,  it  will  be  readily 
seen,  is,  in  princij)le,  an  asscnibl.ige  of  Clarice  machines  {sn  page  47.5), 
and  has  twice  as  many  coils  ns 
in.ignets ;  thus,  with  twenty-four 
magnets  there  are  lorty-eight 
coils.  One  end  of  the  total 
length  of  wire  w.ts  fastened  to 
the  axis,  and  was,  therefore,  in 
electrical  connection  with  the 
frame  of  the  machine  ;  the 
other  end  was  fastened  to  a 
metal  ring  surrounding  the 
shaft,  but  insulated  from  it. 
A  spring  which  pressed  on  this 
ring  conducted  away  the  cur- 
rent. Every  time  a  coil  passed 
a  pole  the  current  changed, 
hence  there  were  sixteen 
changes  for  each  coil  to  each 
revolution,  and  as  the  machine 
was  driven  at  more  than  six 
revolutions  per  second,  there 
were  a  hundred  per  second  ;  as  each  full  period  involved  two  such  changes, 
the  periodicity  was  50  periods  per  second.  The  first  machine  of  this  kind 
had  commutators  ;  but  it  was  only  after  the  machine  was  inouified  by 
Van  Malderen,  who  abandoned  the  coniiiaiiator  so  as  to  use  the  rapidly 
alternating  currents,  that  it  became  of  practical  v.ilue.  Alliance  machines 
were  used  in  the  electric  lif^hting  on  Mont  Vakrien  and  Montmartre 
during  the  siege  of  Paris  in  1S71,  and  have  been  used  in  some  light- 
houses on  the  coast  of  France  ever  since  that  date.  Nevertheless,  this 
form  of  tn.-ichine  is  complicateil  and  costiv,  and  not  easily  repaired  when 
any  part  is  injured.  It  was  much  improved  by  Pe  Meritens,  and 
others. 

The  development  of  arc  lighting  by  electric  candles  in  1876  required 
the  generation  of  fairly  large  .nlternate  currents,  and  gave  an  impetus 
to  the  construction  of  alternators,  which  w.is  continued  later  by  the 
introduction  ol  lighting  by  glow-lamps.  Several  typical  machines  were 
produced  to  furnish  the  desired  currents. 
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Gramme,  wlio  did  so  much  for  the  continuous-current  machine,  con- 
structed the  alternator  shown  in  Fig.  534.  Upon  a  cast-iron  base  b  two 
cast-iron  supports  d,  of  almost  circular  form,  were  attached  together  with 
eight  brass  rods  k  and  an  iron  stay,  which  served  to  give  the  whole 
greater  solidity.  To  this  frame  the  coils  abed  were  fasten«:a.  The 
whole  of  the  cylinder  of  coils  was  covered  with  a  wooden  fram-  s ; 
p  was  a  steel  shaft  which  carried  the  eight  electro-magnets  k  by  means 
of  cast-iron  sockets  and  octagonal  plates.  Each  of  these  electro-magnets 
had  a  pole-piece  of  soft  iron    rounded  at   the  outer  surface,  and   reaching 

'  beyond  the  electro- 

magnets, so  that  very 
little  space  was  left 
between  the  pole- 
pieces  of  two  mag- 
nets.  Two  thin  discs 
fastened  to  the  dif- 
ferent magnets  pro> 
tected  them  against 
the  effect  of  centri- 
fugal  force.      Upon 
the  shaft  were  two 
insulated  discs,  and 
upon     these     the 
brushes  p  slid.  They 
served   the   purpose 
of  conducting  to  the 
electro  -  magnets    a 
current  usually  sup- 
plied    by     a     small 
auxiliary      Gramme 
machine.   The  cur- 
rent  was    so    sent 
round   the  different 
electro-magnets  that  the  poles  directed  outwards  were  alternately  of  south 
and  north  polarity.     The  eight  groups  (each  group  consisting  of  the  wires 
of  four  coils)  were  not  connected  to  form  one  large  coil,  as  in  the  Gramme 
ring     Hit   the  wi/es  of  each  toil  were  led  to  binding  screws  e  e„  fastened 
upon  the  wooden  cover  s.      By  this  arrangement  the  machine  could  give 
thirtvtwo  separate  currents.     In  practice,  howevt      the  eight  coils  marked 
a  were  suitably  connected  to  throw  A\  their  k.  m.  f.'s  in  the  same  direction 
into  a  single  circuit,  and  tliree  other  circuits  were  formed  from  the  eight 
coils  marked  b,  c,  and  d  respectively.     The  successive  coils  en  any  one  of 
these  circuits  were  under  exactly  opposite  inductions  at  the  same  instant, 
find,  therefore,  if  properly  connected  these  inductions  cQuld  all  be  made  to 
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assist  one  another.  In  this  manner  four  separate  currents  were  obtained, 
in  each  of  which  alternate  pressures  of  the  same  streni^th  were 
produced. 

The  machine  was  really  one  of  the  earliest,  if  not  the  earliest,  poly- 
phase machine,  the  phase  difference  of  successive  circuits  being  4:°  or  Jth 
of  a  period.  No  use,  however,  was  made  of  the  advantages  obtainable 
from  these  phase  differences,  each  of  the  four  circuits  beitig  worked 
independently  as  a  simple  alternate  current  circuit.  The  machine  shown 
in  Fig.  534  fed  sixteen  JabiochkutT  candles,  each  of  1,000  candle  power, 
and  requiring  sixteen  h.p.  altogeilier.  It  cost,  including  an  auxiliary 
exciting  machine,  10,000  francs  =  ^400  ;  its  length  was  thirty-five  inches, 
breadth  thirty,  height  thirty-one ;  the  maximum  speed  was  600  revo- 
lutions per  minute,  and  the  weight  1,430  pounds.  As  the  machine  supply- 
ing the  current  for  the  electro-magnets  was,  as  a  rule,  separate  from 
the  principal  machine,  the  slightest  fluctuation  of  current  in  the  former 
produced  considerable  disturbances  in  the  latter,  and  consequently  the 
lights  were  not  steady.  Subsequently,  Gramme  dispensed  with  the 
independent  generator  by  uniting  the  two  machines  on  one  driving  axle, 
and  to  this  machine  he  gave  the  name  "  Auto-excitatrice." 

The  Auto-excitatrice  not  only  gave  better  results  than  the  old  machine, 
but  also  cost  less.  A  machine  weighing  1,034  pounds  furnished  currents 
for  twenty-four  JablochkoflF  candles  of  200  to  300  candles  t  ich,  or  sixteen 
lights  of  double  that  power.  A  machine  for  feeding  twelve  of  the  smaller 
lamps  weighed  616  pounds. 

Alternate-current  machines,  similar  to  those  of  Gramme,  were  con- 
structed by  Zipernowsky,  of  the  firm  of  Ganz  and  Co.,  of  Budapest.  The 
chief  difference  consisted  in  the  turning  of  the  axis  of  the  stationary 
armature  coils  round  through  a  right  angle,  so  that  this  axis  was  directed 
radially  instead  of  circumfercntially.  This  method  of  arranging  the  arma- 
ture coils  is  followed  in  some  of  the  large  alternators  of  the  present  day. 

Siemens*  Alternate-current  Machine.— Siemens  obtained  alternate 

currents  by  using  flat  coils  rotating  in  powerful  magnetic  fields.  The 
alternate-current  machine  built  by  Siemens  and  Halske,  together 
with  its  small  continuous-current  generating;  machine,  is  shown  in  Fig. 
535.  To  the  base  plate  of  the  machine  were  screwed  two  cast-iron 
supports,  held  together  by  a  cross  bar  at  the  top  ;  each  support  carried 
twelve  electro-magnets,  the  coils  of  which  were  so  arranged  that  when- 
ever a  current  flowed  through  each  possessed  the  opposite  polarity  to  its 
neighbouring  as  well  as  to  the  opposite  magnet.  The  magnetic  flux  across 
the  gap  was,  therefore,  alternatelj'  in  opposite  directions  in  consecutive 
pairs  of  electro-magnets.  Between  the  poles  of  these  electro-magnets 
rotated  a  disc,  which  carried  the  bobbins,  the  cores  of  which  were  made 
of  wood.  When  the  disc  rotated  every  coil  swept  across  the  lines  of  the 
oppositely  directed  lields  distributed  round  the  gap.   The  currents  induced  ia  a 
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coil  would,  therefore,  change  their  direction  as  the  coil  passed  from  one  mag- 
netic pole  to  the  next.  The  machine  had  as  many  coils  as  there  were  pairs 
of  electro-magnels,  every  two  opposite  magnets  constituting  a  pair;  there- 
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fore,  the  change  of  current  occurred  in  all  the  coils  at  one  and  the  same 
time.  The  currents  induced  in  the  coils  were  conducted  to  a  couple  of 
nngs    fastened  to   the   axis   of  the    machine.      The   electro-magnets   were 
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excited  by  the  small  auxiliary  machine.  The  mode  of  action  of  the 
machme  is  shown  in  Fig.  536,  a.  n,  c  ;  s  and  n  indicate  the  magnetic 
poles,  and  the  outer  arrow  indicates  the  direction  of  rotation  In  the 
position  A  the  coil  i  moves  away  Irum  the  pole  s.,  and  consequently  a 
current   wOl    be   induced    that    flows   clockwise  ;   at   the   same    time  coil  . 
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approaches   n„   and   a   current   clockwise   will  liere,  to<^   be   induced,   the 
poles  N,  and  s,  mutually  assisting,'   each    other.      Coil  ii  moves  away  from 
N,  and  approaches  s„  and  has,  therefore,  currents  anti-clockwise.     If,  now, 
the  coils  1  and  ii  were    simply   connected    with  each    other,  the  k.  m.  k.'s 
induced     in     the     coils    would    neutralise    each    other    and    no    currents 
would    flow.      This,    however,    as   shown    in    the   figure,    is    prevented    by 
so    connecting   the    coils   that    the  e.  m.  k.'s   are    in    the    same    di.ection 
m    the   electric    circuit,  as   can    easily  be   seen    by  following    the    arrows. 
The   currents  generated   are   conducted   by   the   springs   +   —   into   the 
outer    circuit.      Heie    we    have    taken    into    account    only    one    row    of 
magnetic   poles;    but   in    reality   the    coils   i    and    ii    move   between    two 
rows    of    magnets    with    tlieir    opposite    poles    facing    each    other,    thus 
the   south   pole  s,  has 
a  north  pole   opposite 
it  ;  and  the  north  pole 
N,    has    a    south    pole 
opposite,   and    so    on. 
The    changes    in    the 
inductions  as  the  coils 
sweep   past    successive 
poles  can   be  followed 
in  B  and  c.     In  b  the 
E.     M.    K.'s    momen- 
tarily   sink     to    zero, 
and  there  is  no  v.  d. 
between  the  rings  ;  in 
c  they  are  exactly  the 
reverse    of  what   they 
are  in  a,  and  the  p.  n. 
between    the    rings    is 
oppositely   directed.     Each    pair   of  coils   was   similarly  connected   to    the 
rings,  the  six  pairs  being  electrically  in  parallel.      .Alternate  currents  were, 
therefore,  led  into  the  outer  circuit  by  the  brushes  in  sliding  contact  with 
the  rings. 

The  Ferranti-Thomson  Generator.— The  early  form  of  this  machine, 

which  did  good  work  during  the  pioneer  stages  of  the  iicvelopment  of 
glow-lamp  electric  lighting,  is  represented  in  Fig.  5.57.  It  .vas  the  result  of 
the  labours  of  Sir  William  Thomson,  S.  Z.  de  Ferranti,  and  Alfred  Thomson. 
The  armature  is  shown  separately  in  Fig.  538.  The  shaft  carried 
two  blocks  insulated  from  each  other  and  from  the  shaft  ;  between 
these  blocks  there  was  a  brass  ring,  also  insulated,  to  which  at  regular 
intervals  the  copper  bands  of  the  armature  were  attached.  The  eight 
coils  of  the  armature  consisted  of  copper  bands  of  1-25  inches  breadth  and 
O'O;  inch  thickness,  all    having  elect licaliy   the   same   value.      The   Lands 
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were  of  the  same  length,  and  had 
the    same   sliapc.      The  construc- 
tion of  the  armature  is  best  seen 
in  F'ig.  539. .    'I'o  prevent  compli- 
cation,  only   eight    coils    of  four 
bands  each  are  represented.     The 
first  copper  band  i  began   in  the 
curves   a    and    h,   and    was    con- 
tinued over  c  and  d,  but  so  that 
in  curve  c  it  came  over  the  second 
copper  band  11,  which  commenced 
at  curve  c,  and  for  this  curve  and 
the  curve   d  formed    the    lowest 
layer.      Copper    bands    i    and    11 
were  continued  together  until  they 
reached  e ;  here  the  copper  band 
III   commenced    and    formed    the 
lowest    layer   for  curves  e  and  / 
The  three  copper 
bands  were   now 
continued    cill 
they     reached 
curve    gy    where 
the    fourth    and 
la£t  copper  band 
commenced.  The 
curves  g  and    h 
now  consisted  of 
all  the  four  bands. 
The  copper  band 
I  ended  at  curve 
//,  but  the  three 
other  bands  con- 
tinued their  way  ; 
the  second  band 
ended  at  curve  b 
at  2,  bands  iii  and 
IV  ended  at  3  and 
4  in  curves  d  and 
/  respectively. 
Each  copper  band 

was  conducted  through  all  the  curves  in  such  a  manner  that  it  formed  the  first 
layer  in  two  curves,  the  second  layer  in  the  two  ne.xt  curves,  then  the  third 
layer,  and  finally  the  fourth  layer,  where  it  ended  above  its  starting  point. 
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The  same  !enRtli  and  a  similar  course  are  obtained  in  this  manner  for  all 
the  bands.  The  several  copper  bands  n,  and  I  12,  etc.,  were  insulated 
from  each  other.  The  armature  had  a  diameter  of  thirty-si.x  inches, 
and  made  1,000  revolutions  per  minute.  Upon  the  shaft  at  both  sides 
*f  the  armature  two  collecting  rings  were  fixed.  One  of  thsse  was 
connected  with  a  brass  ring,  the  other  with  the  ends  i,  2,  3,  and  4 
of  the  copper  coils.  The  copper  bands  started  from  the  brass  ring,  at 
the  points  i,  11,  in,  and  iv.  To  connect  the  diflfcrent  parts  with  each 
other  massive  pieces  of  metal  were  used  instead  of  wires.  The  currents 
induced  in  the  copper  bands  were  not  conducted  by  brushes  into  the 
outer  circuit,  but  here  also,  in- 
stead of  brushes,  metal  pieces 
were  used,  being  pressed  by 
springs  against  the  rings.  When 
we  compare  Fig.  S.''9  with  Fig. 
536  we  find  that  the  principle 
is  practically  the  same.  For  coii 
a  (Fig.  rS'))  the  poles  s  N  of 
the  enclosing  magnets  are 
shown,  and  the  directions  of 
the  current  induced  in  the 
copper  are  indicated  in  band  1 1, 
of  curve  a  by  the  arrows.  The 
remaining  copper  bands  n2  ; 
III  3  ;  and  iv  4  of  curve  a 
will  have  'heir  currents  in  the 
sanie  direction.  Owing  to  the 
arrangement  of  the  copper 
bands,  and  in  consequence  of 
the  alternating  arrangement  of  the  surrounding  magnets,  at  every  moment 
during  rotation,  currents  will  be  induced  in  all  the  curves  passing  in 
the  same  direction  through  the  armature.  Therefore,  one  of  the  collect- 
ing rings  connected  with  the  ends  i,  11,  in,  and  iv  will  receive  currents 
from  all  the  coils,  and  the  other  collecting  ring  connected  with  i,  2,  3,  4 
will  return  these  currents  from  the  outer  circuit.  If  t'-  motion  continues 
a  currentless  interval  will  occur,  and  then  a  current  of  opposite  direction, 
and  so  on.  Ferranti  arranged  the  turns  of  his  armature  in  continuous 
order,  whilst  Siemens  divided  them  into  groups. 

Facing  the  armature  on  each  side  thirty-two  magnets  were  arranged. 
The  iron  cores  were  cast  in  one  piece  with  a  h.-\lf-frame  of  the  machine. 
The  two  halves  faced  each  other,  and  were  held  together  by  six 
horizontal  bolts.  The  coils  of  the  electro-magnets  were  copper  bars 
having  a  section  from  0-3  to  0-35  stjji.ire  it^rh.  Fig.  540  shows  the 
manner  of  coiling  for  eight  magnets,   each  conductor  forming  or  •  j  yer 
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on  tlie  magnet  core,  and  the  different  conductors  being  in  series.  The 
current  was  introduced  into  the  coils  of  the  electro-magnets  by  means 
of  the  terminal  ring,  seen  on  the  left  hand  of  Fig.  537,  and  flowed 
through  one  series  of  magnets,  then  through  the  second  series  of  magnets, 
and  then  left  the  field  coils  by  means  of  the  second  ring  of  the  machine. 
At  a  speed  of  1,000  revolutions  per  minute  a  current  of  3,000  amperes, 
with  an  e.  m.  v.  of  200  volts,  was  produced.    The  machine  was  intended 

to  feed  glow-lan>,>s, 
therefore  .ts  resist- 
ance was  made  as 
small  as  possible. 

Gordon's  Al- 
tematop.— A  ma- 

*  chine  of  historical 
interest,  as  being  the 
first  large  direct- 
coupled  alternator 
built  in  England, 
was  the  Gordon 
Alternator,  of  which 
M'  the  first  example 
was  constructed  by 
the  Telegraph  Con- 
struction  and  Main- 
tenance Qtmpany 
in  1882  to  light 
their  works  at 
Greenwich.  A  little 
later  similar  ma- 
chines were  installed 
in  London  at  the 
Paddington  Station 
of  the  Great  Western 
Railway. 

In  this  machine 

the  electro-magnets  rotated,  whilst  tl  --mature  was  fixed.  It  is  repre- 
sented in  Fig.  541,  in  which  one  halt  he  figure  represents  a  cross 
section,  the  other  half  a  side  view.  The  biiaft  w  revolved  in  two  bronze 
bearings,  and  carried  in  the  middle  two  wrought-iron  discs  a,  nearly  nine 
feet  in  diameter.  To  each  of  these  a  flat  cone  B  of  strong  sheet  iron  was 
riveted,  and  the  vertex  of  this  was  fastened  to  a  kind  of  nave  n  attached 
to  the  shaft.  The  cone  b  was  for  the  purpose  of  stiffening  the  disc  a. 
In  the  space  between  the  nave  and  axle-bearing,  rings  E  were  fi.xed  upon  the 
•haft.    These  rings  had  grooves  in  them  filled  with  vulcanite,  to  carry  and 
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insulate  the  contact  rings  c.    The  rings  c  were  made  of  bronze,  and  were 
intended,  by   the   aid   of  the  copper   brushes   which   slid   upon   them,  to 
conduct  the  current  into  the  electro-magnets.     The  current  for  this  purpose 
was  supplied  by  two  auxiliary  Burgin  machines.     Each  of  the  discs  A  carried 
on   its  circumference  thirty-two  electro-magnets,  the  coils   of  which   had 
currents    passing   through    them    in   such   a    manner    that   a    north    and 
south   pole  recurred  alternately   in    the  circle.      The   magnets   we.,    put 
in  series  at   both  sides  of  the   field-magnet    disc   a.     The   magnet   cores 
were  made  of  wrought  iron  and  penetrated  the  combined  discs,  so  that 
one  pole  was  on  one  side  of  the  disc  and   the  other  pole  on   the  other 
side.      The     insulated    wire    was    wound     on    brass    spools,    which    were 
slipped  over  the      .res.     Upon  the  massive  cast-iron   supports  (Fig.  541) 
strong  iron  rings  r  were  fastened,  and  held  in  position  by  the  horizontal 
bars  H.    At  the   inside  of  each  cast-iron  ring  sixty-four    armature  coils 
F  were  fixed,  and  were   insulated    from  the  ring  by  means  of  wovxlen 
plates.    The  total   number   of   armature  coils  was    therefore    128.      The 
coils  were  grouped    into  two    different  circuits,    distinguished    from    one 
another    by    the    coils  being    painted    alternately    red    and    blue,    the 
currents    in    the    two    circuits    being    in    quadrature.      The    iron    cores 
of    the    coils    were    wedge-shaped,    and    the    insulated    copper    wire    of 
the    spools    had  a  cross    section   of  -075    square  inch.      The  coils   were 
fixed  by  means  of  their  cores  to  the  iron   rings,  from  which   they  were 
insulated   by  the  wooden  pieces  already  mentioned.    The  coils  had  the 
sides    facing    the  rotating    magnets    covered  and    protected    by    German 
silver  sheets,  from  which  the  electro-magnets  were   only  one-eighth  of  an 
inch  distant.     The  copper  wires  had  a  double  coating  ;  every  coil  was 
dipped  in  shellac  varnish,  and  th-^n    dried   at  a  high   temperature,  and 
finally  painted  with  asbestos    paint.       There  were  in   all,  as    previously 
mentioned,    128    stationary   bobbins    (sixty-four  on   each  side),  and   they 
were  acted  on   inductively  by  thirty-two    electro-magnets    having    sixty- 
four  poles,  so  that  there  were  twice  as  many  bobbins  as  magnet  poles. 
If  the  machine  had  had  the  same  number  of  bobbins  as  electro-magnet 
poles,   the  inductive  action   of  one  bobbin  on  the  next  one  would   have 
been  so  strong  as  to  materially  reduce  the    efficiency  of   the  machine. 
The  rotating  discs,  with  their  electro-magnets,  weighed  nearly  seven  tons 
and  the  total  weight  of  the  machine  wa'  nearly  eighteen  tons. 

On  looking  at  Fig.  542,  we  see  that  the  rings  carrying  the  armature 
coils  consisted  of  several  pieces ;  the  small  middle  piece  at  the  upper 
portion  of  the  ring,  placed  between  the  two  side  segments,  could  be 
easily  removed,  so  as  to  allow  the  magnets  to  be  repaired  if  they 
became  damaged.  The  following  is  from  a  published  report  of  the  results 
obtained  with  this  machine.  The  generator  supplying  the  electro-magnets 
with  current  was  set  in  motion  by  a  five-horse-power  steam  engine, 
the  current   thus  obtained  being  twenty-five  amperes.     The   large  steam' 
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engine  wliicli  worked  the  altciii.itur  rcquircil  170  horse-pnwtT — that  is, 
fdi  jiriiKipal  and  auxiliary  fjciicralors  17;  horse-power  were  required. 
The  alternate  current  liad  a  potential  <>t  103  v()ll>,  and  bupphed  1,400 
Swan  lamps  in  two  rows.  Kach  lamp  was  estimaled  to  have  a  resistance 
of  thirty  ohms,  and  to  give  a  light  equal  to  twenty-two  or  twenty- 
three  candles.  The  total  resistance  ot  the  machine  was  equal  to  oog.S5 
ohm,  and  the  resistance  of  the  circuit  to  0006  ohm,  which  gives  a 
current  of  about  1,030  amperes.  This  amounts  to  180  candles  lor  each 
horse-power.  The  proportion  of  eL-ctrical  work  done  by  the  alternate 
current  machine  to  the  work  measured  in  the  cylinder  of  the  steam 
engine  was  0"8i6. 

The  Societe  Anonyme  d'Klectricite  constructed  a  large  Gerard  alternator 
in  which  the  field-magnets  rotated  and  the  armature  coils  were  stationary  ; 
and  Ganz  and  Co.,  of  Huda-Pesth,  constructed  large  alternators,  designed 
by  Mechwart  and  /.ipernowsky,  direct-coupled  to  steam  engines  of  1  sO 
horse-power.  These  machines  will  be  found  described  in  previous  editions 
of  this   book. 

The  alternators  so  far  described  may  be  regarded  a-  pioneer 
machines  in  the  distribution  of  electric  power  by  alternate  currents. 
They  have  been  displaced  in  later  years  by  large  machines  of  much 
greater  output,  in  designing  which  many  new  problems  have  had  to  be 
t.uxil.     We  ^ll,lll  return  to  the  subject  in  a  l.iur  ilnptrr. 


VI. — KKCTii  11  KS. 

In  many  of  the  ap|)liiatioiis  of  the  electric  cun<'nl,  more  esjiecially 
for  electroplating  and  t;lectro-clitniiiM.l  work  gemniUy,  for  charging 
secondary  batteries,  for  external  lighting  with  arc  lamps,  etc.,  the  alter- 
nate current  is  either  nseless  or  is  much  less  advantageous  than  the  con- 
tinuous current.  Nevcrtluless,  it  may  lia])i)en  in  certain  'istri(ts  that 
the  only  form  of  electric  power  available  from  the  ])uhlic  >upply  maias 
is  alternate  current  jirimarily  intended  tor  lighting  and  power  purposes 
only.  In  such  cases  it  is  very  important  to  he  able  to  transform  the  avail- 
able alternate  current  power  to  the  desired  continuous  current  power, 
and  various  "kinetic  transformers"  for  this  purpnst>  will  bo  desciil)ed 
in  the  chapter  on  "  Electric  Motors  "  (fhapter  XV'I.). 

There  are,  however,  types  of  simpha-  apjiaiatus  which  may  be  used 
where  only  small  amounts  of  power  are  involved  or  where  a  pulsating 
unidire<tional  current  may  take  the  piaci"  of  a  steady  (ontinuous  ctirreiit, 
and  this  chapter  may  well  close  witli  some   releit'iice  to  such  apparatus. 

Revolving  Commutators. — Tlu?  commutator  of  a  contmuous  current 
dynamo  i^.  the  most  widely  u--.]  f;.rni  ot  rectifying  ai>[>aratus  in  existence, 
for  it  rectifies  the  alternate  currents  generated  on  the  ainiature  and  delivers 
to    the    brushes   a   aintinuous   and    stead'-    unidirectional   current.     This, 
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however,  is  an  essential  part  of  the  continuous  runent  generator,  and 
we  are  now  deahng  with  apjiaratus  which,  taking  single-phase  alternate 
currents  from  a  pair  of  leads,  will  transform  them  into  unidirectional 
currents. 

The  simr*''"!*  form  of  such  separate  apparatus  is,  perhaps,  a  two-part 
commutat  .iat  the  properspeed  by  a  "  synchronous  motor  "*  operated 

by   a  current 
*'  derived    from 

the  same  leads. 
The  action  of 
such  a  com- 
mutator has 
already  been 
referred  to  in 
the  la- 1  chap- 
ter (see  pages 
484  and  485), 
hut  for  our 
jiresent  pur- 
pose is  l)etter 
shown  in  Figs. 
543  and  544, 
in  which,  as 
in  Fig.  512,  the  time  is  measured  horizontally  along  o  x  and 
the  value  of  the  current  vertically  parallel  to  y  j-'.  In  Fig.  543  is 
depicted  an  ordinary  single-phase  sinusoidal  alternate  current.  The 
terminals  of  the  mains  supplying  this  current  are  connected  through  slip 
rings  to  the  sections  a  and  B  of  a  two-part  commutator 
(Fig.  545).  If  now  the  commutator  be  driven  at  such  a 
speed  and  the  slidi.ig  brushes,  a  and  b,  be  so  placed  that 
whenever  the  value  of  the  cuirent  sinks  to  zero  the  bnishes 
pass  from  a  to  b,  or  vice  venA,  then  these  brushes  will 
deliver  to  any  simple  circuit  to  which  they  are  connected 
currents  such  as  are  represented  .ii  Fip.  544. 

To  satisfy  the  conditions,  it  is  obvious  that  the 
commutator  must  \x  driven  accurately  at  a  sp<'ed  in 
revolutions  per  second  equal  to  the  ])eriodicity  of  the 
current.  This  is  accomj)lished  by  mounting  on  the  a.xle  x  the  rotor 
of  a  synchronous  motor  which  can  only  nm  at  the  required  speed  and 
no  other.  In  addition,  the  brushes  a  and  b  must  be  so  set  as  to  cross 
.he  ia'jv.lating  lines  of  the  commutator  exactly  at  the  right  moment.  If 
•  This  term  will  be  explained  in  Cluptcr  XVI. 


Fig.  S44.— Rectified  Altrrnat*  Currant, 
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the  brushes  are  not  set  and  maintained  in  tlie  riglit  position,  tliei<»  will 
obviously  Ik!  sparking  on  the  commut.itor,  whiih  may  W  serious  it  tin 
voltages  handled  are  liigh,  and  if,  owing  to  varying  t onditioiw.  the  i  i!r> 
rents  in  the  circuit  connected  to  a  and  b  have  varying  pliaso  relations  with 
the  p.  D.  impressed  on  the  circuit.  For  it  must  be  reni.inlHiiHl  that  though 
these  currents  are  unidirectional  they  are  i)uLsating  and  not  continuous, 
and  therefore  reactances  due  to  inductanrn  and  capacity  will  be  set  up 
in  their  circuits. 

Mr.  S.  Z.  de  Ferranti  some  years  ago  devoted  a  great  deal  of  attention 
to  commutators  designed  on  these  principles  for  use  on  arc-lighting  cir- 
cuits, and  invented  many  ingenious  devices  for  rendering  them  automatic 
under  varying  conditions  of  the  supply  and  load  circuits.  They  are  not 
now,  however,  very  much 
used,  as  they  have  been 
superseded  by  the  wider 
use  of  kinetic  trans- 
formers ;  and,  moreover, 
it  is  very  difficult,  in- 
deed, to  suppress  entirely 
the  vicious  sparking  on 
the  comnfutator. 

An  example  of  such 
a  rectifier,  which  can  be 
used  satisfactorily  with 
currents  up  to  20  or 
30  amperes,  is  shown  in 
Fig.  546.  The  particular 
design  is  due  to  Dr.  Morton,  and  it  is  manufactured  by  Messrs.  Newton 
&  Co.  A  synchronous  alternate  current  motor  m  drives  the  sjjlit  tube 
commutator  c,  to  which  the  alternate  current  to  be  rectified  is  supphid 
by  two  of  the  brushes,  and  from  which  the  rectified  current  is  tikm 
away  by  two  other  brushes  sliding  on  slip  rings  connected  to  tin-  two 
sides  of  the  commutator.  The  synchronous  motor  is  sui)i)lit(l  with 
alternate  currents  from  the  same  circuit,  and  therefore  drivt",  tlie  com- 
mutator at  the  exact  speed  required.  It  is  constructed  as  an  ordinary 
shunt-wound  continuous  current  motor  with  a  coiunuitator.  1.  t  with 
laminated  fields.  Such  a  motor,  as  will  be  shown  later  {sec  Cliapter  XVI.), 
can  be  run  with  a  single  phase  alternate  current  if  certain  lilhculties.  of 
which  sparking  at  the  commutator  is  the  most  serious,  can  ih-  overcome. 
In  this  case,  as  the  load  on  the  motor  is  very  light  and  almost  ncKliirible, 
being  only  the  friction  of  the  brushes,  bearings,  etc.,  these  ditfu  ulties  are 
minimised.     For  starting  purposes  the  voltage  at  the  mott>r  teiuiinais  is 


Fig.  546— Dr.  Morton's  Cummutator  Recti&er. 
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rut  down  by  an  rxtirnal  resistanre,  wliich  is  cut  out  wlua  thi-  motor 
li.is  run  up  to  sjK'id.  For  running  only  about  one-fourth  of  the  supply 
V(jltage  is  put  on  the  armature. 

Electrolytic  Rectifiers. — Tli»->t:  deiH;nd  upon  an  entirely  different 
principle.  If  one  of  the  electrodes  of  an  electrolytic  cell  or  voltameter 
(see  Chapter  V.)  be  m.ide  of  aluminium,  then  it  is  found  that  the  current 
can  pass  freely  when  the  aluminium  is  the  cathode  or  negative  plate,  but 
that  it  experiences  a  very  great  resistance  if  the  aluminium  be  the  anode 
or  positive  plate.  The  effect  is  dvie  to  the  formation  of  a  film  of  insoluble 
oxide  of  very  high  resistance  jn  the  aluminium,  where  the  current  passes 
from  metal  to  liquid  and  is  most  marked  when  the  electrolyte  is  alkaline. 
Such  a  cell,  properly  proportioned,  and  placed  between  single-phase  alter- 
nate current  mains  carrying  r.  d.'s  represented  by  the  curves  in  Fig.  543, 
would  only  allow  to  pass  currents  such  as  are  shown  in  Fig.  547  ;  that 
Ls,  all  the  negative  loops  would  practically  be  suppressed,  and  only  those 
loops  would  persist  in  which  the  alumini\im  plate  acted  as  a  cathode.    This 
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Fig.  547.'— HIecltolytictlly  Rectified  Current. 


is  the  broad  result,  because  a  sufficient  negative  current  would  have  to 
pass  to  set  up  the  resisting  film,  and  the  starting  of  the  positive  loop  would 
be  slightly  delayed  whilst  the  film  of  oxide  was  being  dissolved  off. 

Such  a  current,  with  its  no-current  intervals,  would  not  be  of  much  use 
ffjr  many  purposes  for  which  unidirectional  currents  arc  required,  but  by 
a  combination  of  cells  useful  currents  may  be.  obtained.  One  of  these 
combinations,  designed  by  M.  Leo  Gratz,  and  known  as  an  "  electric 
valve,"  is  shown  diagrainmatically  in  Fig.  54S.  Four  i  ILs,  a,  b,  c,  and  d, 
are  employed,  and  are  arranged  between  the  mains  Mj  Mj  as  shown.  In 
the  diagram  the  cells  are  represented  by  a  coujile  of  hues,  one  short  and 
the  other  long,  the  short  line  representing  the  aluminium  electrotle  and 
the  long  one  an  electrode  of  iron  or  other  suitable  material.  The  cdls 
111  ing  joined  up  as  shown,  the  circuit  in  whiih  unidirectional  currents  arc 
ntpiired  is  placed  between  the  points  x  and  Y.  When  the  main  m,  is 
-^*',  the  cuirent  can  How  through  A  and  D,  but  not  through  c  and  u  ;  as  it 
can  K''t  from  A  to  D  through  the  connecting  link  x  Y,  it  flows  from  Mj  to  m, 
by  tlu;  path  M,  A  X  Y  D  Mj,  shown  by  the  lull  arrows,  a,  a,  a,  flowing  from 
X  to  Y  through  the  ciri  uit  x  Y.     In  the  next  half-period,  when  m,  is  -^'' 
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ami  M,  — ••,  thn  ( iirrnnt  can  p-t  tlmmgli  H  .iml  c,  but  not  tliroiijih  D  and 
A;  It  thcrofoif  takts  tlu-  p.Uli  m.,  11  x  v  (  \i,,  -.liuwn  liy  tlif  dnttt^d  aiioWN, 
b.  b,  b,  and  -if^am  llosvs  (luni  x  to  Y  lliiniigli  thr  ni.iiit  X  v.     In  tliis  Litl<T 


Mi 


Fir  '.(«     Connfciiiiii-,  L.r  .111  i;ii'cir'.l)tic  or  i;if<-icic  "  Valve  " 

lircuit,   tluntuif    th.'  flow  is  from  X  to  y,  wlutlur   M,   1h'   -|-"  or  — ", 
and  we  have  in  it  unidirectional  currents  as  desired. 

An  actnal  "  Nodon  "  valve  of  tliis  type  to  carry  a  i  inn'nt  of  5  amiH-Tcs 
from  X  to  Y  is  shown  in  Fig.  549.  It  transforms  alt.rnalt;  to  (ontinu- 
ous  currents  without  u>ing  any  moving  machinery,  and  the  manufacturers 
laim  tliat  tlie  capital  outlay  is 
much  less,  whilst  the  tthciency 
is  good.  The  technical  points 
involved,  some  of  which  are  very 
interesting,  will  be  dealt  with  in 
the  technological  section. 

Mercury  Vapour  Rectifiers. 

— There  is  another  piece  of  ap- 
paratus, which  can  lie  .-^o  modilird 
that  the  current  <  ,111  practically 
|)a->s  only  in  one  direction.  Thi^ 
is  the  niiMUiy  v.ipour  .irc  lamp, 
with  fine  of  its  lie'  troiie^  made  of 
Milid  material  sm  h  as  ,t,'r,ipliile. 
The  lamp  i^  des(  ribeil  in  a  sui:- 
(eeding  th.ipter,  and  an  early  form  of  it,  tised  as  a  lectiher,  is  shown  in 
Fig.  550,  while  a  diagram  of  th''  coimecfion-  l^i  woiking  on  a  three-phase 
( ircuit  and  let  tilyiiii;  the  .alternate  (uuents  to  a  continuous  current,  is 
-hown  in  I'ig.  551.  Ihen-  are  no  fewer  than  four  solid  anodes,  or  ^" 
elci  erodes,  marked  i:,.  i",,  i;,,  and  1,.  in  Fig.  551,  and  seen  at  the  top  of 
the  globe  in  '"ig.  550.  Tiie  i.itiioiie,  oi'  — '  eliclrode  !■:  i>  a  mercury 
cup   in    the    hottom    part    of     the    l.uiip.       Ilie   anode-,    i-j,    i^,    and   E^, 
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are  connected  respectively  to  the  three  terminals  of  the  secondaries 
of  the  star-connected  three-phase  transformer  T  supplied  with  current 
from  the  alternator  a.    The  neutral  point  of  the  secondaries  of  tlie  trans- 


Fig.  55" — A  Mercury  Vajiour  Rectifier  (early  form). 

fornvr  is  connectiJ  to  the  main  on  tiie  left  from  which  continuous  current 
energy  is  taken  by  the  glow  lami)s,  arc  lamjis,  motor  and  storage  battery 
shown  diagrammati.  ally  in  the  lower  |)art  of  Fig.  551,  the  other  main  being 
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connected  to  E.  The  fourth  anode  e^  and  E  are  connected  to  a  hifjh  voltage 
continuous  current  starting  circuit,  shown  on  the  right  <•!  Fig.  351,  which 
is  necessary  because,  for  reasons  given  later,  it  would  1h-  dilTu  ult,  it  not  im- 
possible, to  start  the  rectifier  from  the  alternate  current  sid-.  When,  now, 
any  one  of  the  anodes  is  -|-"  the  current  will  flow  through  the  rec  tilier 
from  that  terminal  to  e,  but  will  not  flow  when  the  electrode  becomes 
— ".  By  switching  on  the  continuous  current  first  with  E^  -^"'  the  action 
is  started  and  the  rectifier  lights  up  as  a  mercury  vapour  arc  lamj).     If 
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1-eoo  v. 
Fig.  jjt Diagram  of  eonneclions  for  a  three-phase  "  Mercury  Vapour"  Rectifiar. 

now  the  alternate  current  be  switched  on  the  electrodes  E,,  E,,  and  E.,  become 
successively  and  in  rotation  +",  and  before  one  ceases  to  Ix;  -j-"  another 
is  ready  to  take  up  the  running.  Thus  the  flow  through  the  rectifier  is 
continuously  towards  e,  which  can  never  act  as  an  anode,  and  when  the 
action  is  properly  started  the  continuoas  current  high  voltage  circuit  can 
be  disconnected. 

Various  starting  and  other  difficulties  are  encountered  when  it  is  at- 
tempted to  work  the  rectifier  on  a  single-phase  circuit,  but  n  feniuts  to 
these  and  how  they  have  been  overcome  belong  mure  proj^ily  to  the  tech- 
nological section. 
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CHAPTER   XV. 
ELECTRIC   TRAASMISSION   OF  POWER. 

The  fundamental  principles  underlying  the  conversion  of  mechanical 
energy  into  the  energy  of  electric  currents  of  various  kinds  have  now 
been  dealt  with,  and  a  sufficient  number  of  typical  machines  have  been 
described  to  enable  the  reader  to  understand  to  some  extent  the  methods 
adopted  in  applying  those  principles  in  detail.  An  electric  power  generat- 
ing station,  however,  contains  much  more  than  the  generators  themselves. 
For,  on  the  one  hand,  the  mechanical  power  has  to  be  applied  to  the 
generators  through  the  medium  of  boilers  and  steam  engines,  or  gas 
producers  and  gas  engines,  o  /ater  wheels  (turbines,  etc.),  and,  on  the  other 
hand,  the  production  of  el'  •■ical  power  has  to  be  effectively  controlled, 
and  the  power  itself  brought  to  suitable  positions  (switch-boards,  etc.) 
within  the  station  from  which  it  can  be  directly  utilised  or  transmitted 
to  distant  points  where  it  may  be  required. 

The  tendency  at  the  present  time,  and  it  is  a  tendency  which  is 
not  likely  to  diminish,  is  to  generate  the  electric  power  near  the  water- 
fall, coal  mine,  or  other  place  where  the  energy  to  be  utilised  is  most 
directly  available.  And,  even  when  this  is  not  done,  it  is  getting  more 
and  more  common,  for  numerous  reasons  which  affect  the  cost  of  pro- 
duction either  directly  or  indirectly,  to  place  the  generating  station  at 
some  distance  from  the  place  or  the  centre  of  the  district  where  the 
power  is  to  be  used  ultimately.  The  problem  of  how  to  transmit  power 
in  bulk  over  longer  or  shorter  distances  is,  therefore,  becoming  every 
day  more  and  more  important,  and  it  is  proposed  ;,o  indicate  here  the 
main  outlines  of  the  electric  solutions,  and  to  postpone  for  the  present 
the  consideration  of  the  more  technical  details  connected  with  the  design 
and  working  of  generating  stations. 

I. — M'VDAMKNTAI.    I'KINCIIM.KS. 

It  has  been  already  pointed  out  in  the  preceding  pages  that  the 
activity  or  power  of  a  continuous  electric  cuiicut — that  is,  the  rate  at 
which  it  does  work — is  given  by  the  equal  ion  — 

vv  =  EC  watts, 
where  c  is   the  magnitude  of  the  current  in  amperes   and  r  the   electro- 
motive force  in  volts.     This  equation,  which  is  true  for  the  whole  circuit. 
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is  true   for  any  part   of  it.     Thus  the  work    (w)  done   per  second  by  the 

current   c   between    two   points   whose    potential    different-i    is  v  is    given 

by  the  equation — 

^  7j'  =  ?•(■  watts. 

Now,  in  ail  problems  on  the  transmission  of  power  the  object  is  to 
make  this  quantity  ?f  as  larf»e  as  is  required  at  the  distant  station  ; 
but  if  R  be  the  resistance  of  the  conductors  used  to  convey  the  current 
to  and  from  the  distant  station,  we  know  by  Joule's  law  that  the  heat 
generated  per  second  in  the  conductors  is  c*r  watts,  and  therefore 

w  =  w  —  C'R. 
In    order,   therefore,   that   w   may   be    as    large    as    possible  for   a    given 
value  of  w,   the  term  c'r   must   be   made  as   small   as   possible. 

This  can  be  done  in  two  ways.  Firft,  by  diminishing  r,  which,  since 
the  distance  that  the  power  has  to  be  transmitted  may  be  regarded  as 
fixed  by  the  conditions  of  the  particular  problem,  can  only  be  accom- 
plished by  increasing  the  cross-section  of  the  conductors.  This  method, 
however,  in  most  cases  will  involve  heavy  expenditure  of  capital,  since 
the  weight,  and  consequently  the  cost,  of  the  copper  or  other  conductors 
increases  proportionately  with  the  cross-section.  A  point  is  therefore 
reached  sooner  or  later  at  which  the  interest  on  the  extra  capital  investi  d 
in  this  additional  copper,  etc.,  overbalances  the  saving  effected  by 
diminishing  the  c'R  loss.  Wherever  large  amounts  of  power  or  long 
distances  are  involved  the  economical  point  is  .soon  passed.  But  the 
term  c'r  can  be  much  more  satisfactorily  minimised  by  diminishing  c,  the 
term  w  (=  Kr)  being  at  the  same  time  kept  constant  by  proportionately 
increasing  E,  the  electromotive  force  available  at  the  generating  station. 
Thus  if  E  be  increased  twenty-fold,  and  c  diminished  to  one-twentieth 
of  its  former  value,  w  will  remain  unaltered,  but  the  power  (cm)  wasted 
in  heating  the  same  conducting  lines  will  be  only  one  four-hundredth 
part  of  what  it  was  previously  ;  or  if  the  object  be  to  diminish  the  cost 
of  laying  the  line  rather  than  the  waste  heat,  then  in  the  second  case 
a  conductor  of  one  four-hundredth  of  the  cross-section,  and  therefore 
costing  considerably  less,  will  only  waste  the  same  amount  of  power  as 
the  much  heavier  conductor  worked  at  the  lower  voltage.  This  case 
occurs  where  there  is  an  excess  of  water-power  available,  as,  for  instance 
in  the  problem  of  conveying  the  power  of  the  Niagara  Fa>ls  to  New 
York,  where  the  heat  wasted  during  transmission  would  be  to  a  great 
extent  immaterial,  but  the  cost  of  the  conductors,  if  large  currents  we'e 
used,  wo\ild  be  prohibitive. 

But  another  diliiculty  now  presents  itself.  If  F  is  made  large  and  c 
small,  then  since  r  =  e  —  cr,  it  follows  that  r,  the  potential  diflTerence 
at  the  distant  station,  will  also  be  large.  If  we  intend  to  convert  the 
whole  of  our  electrical  power  (r  c)  at  once  into  mechanical  power  by 
means   of  motors,   all   ws   shall  have   to  do  will  be  to  wind   our   motor* 
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with  fine  wire  and  attend  carefully  to  insulation,  always  provided  that 
the  voltage  is  not  too  high  to  make  the  cost  of  insulation  too  great 
or  good  insulation  too  difficult.  But  if  the  electrical  power  is  to  be 
used  for  general  purposes,  and  particularly  for  supplying  electrical  energy 
to  private  houses,  whether  for  lighting  or  otherwise,  the  use  of  a  high 
p.  D.  under  the  control  of  the  consumer  is  inadmissible,  not  only  because 
of  difficulties  of  insulation  and  leakage,  but  because  in  most  countries 
legislative  enactments  absolutely  prohibit  it  on  account  of  the  danger  to 
life  when  such  high  potentials  are  handled  by  unskilled  people.  Unless, 
therefore,  it  is  possible  to  alter  the  pressure  at  the  distant  end  with- 
out much  loss  of  energy,  transmission  at  high  pressure  must  be  abandoned. 
Fortunately,  however,  the  change  can  be  economically  accomplished  by 
apparatus  which  we  have  already  partly  described  {see  pages   433  to  442) 

under  the  name  of  "Transformers." 

The  term  "  Transformer,"  although  most  generally  used  at  the  present 
time  to  denote  the  modified  form  of  induction  coil  already  described 
at  pages  433  to  442,  and  in  which  an  alternate  current  is  sent  through 
the  primary,  is  also  applicable  to,  and  is  employed  to  denote,  any 
arrangement  of  apparatus  or  machinery  ly  which  the  energy  of  a  particular 
electric  current  is  transformed  into  the  energy  of  another  current  differing 
from  the  first  in  magnitude,  E.M.F.,or  kind.  The  problem  which  presents 
itself  is  this  :  If  t  be  the  whole  tinie  in  seconds  during  which  the  supply 
of  electrical  power  is  available,  we  have  a  certain  quantity  (1/  c  t)  of 
electrical  energy  at  our  disposal,  but  one  of  the  factors  v  is  large,  and 
therefore  for  various  reasons  unsuitable.  The  total  energy,  however,  may 
be  kept  the  same,  and  the  difliculty  be  overcome,  if  we  are  able  to  vary 
the  fa:tors  of  the  energy  whilst  their  product  is  kept  unchanged.  This 
is  the  essential  function  of  a  transformer.  The  i  leal  perfect  tr-nJormer 
would  give  us  the  equation— 

f  c  T  =  i/,  c,  T„ 

where  v,  c,  and  T  have  the  meanings  already  specified  with  respect  to  the 
energy  supplied  to  the  transformer,  and  v„  c„  and  t,  have  corresponding 
meanings  with  respect  to  the  energy  given  out  by  the  transformer.  As 
there  is  always  a  loss  of  energy  in  the  transformation,  no  actual  trans- 
former satisfies  the  above  equation,  v,  c,  t„  being  always  less  than  i>  r.  t. 

Transformers  Available.— Transformers,  therefore,  are  essential  in 
any  scheme  for  the  transmission  of  large  quantities  of  energy  electrically 
over  'ong  distances.  In  classifying  those  available  it  must  be  borne  in 
mind  that,  owing  to  the  dinicultics  of  generating  some  kinds  of  electric 
currents  at  very  high  potentials,  transformers  may  be  required  to  raise  the 
p.  D.  at  the  generating  end  as  well  as  to  drop  it  at  the  distant  end.  Thus 
we  may  want  both  "step-up"  and  "step-down"  transformers.  In  the 
following  summary  of  available  transformers  the  term  "  primary  current  " 
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is   used  for  the  current  before  transformation,   and   the  term  "secondary 
current "  for  the  current  given  out  by  the  transformer : — 
(a)  For  changing  the  vnlUtge  of  cmitinwius  currents. 

(i.)  Coupled  Motor  and  Dynamo:    The   primary  current 
sets  in  motion  an  electric  motor,  which  drives  a  dynamo 
mechanically  by  a  '    't  or  a  coupling, 
(ii.)  Motor   Generator  :    !"he   motor  and  dynamo  are  com 
bined   in  a  single  machine,  which  receives  energy  in 
its   primary   circuit,   and   gives  it  out  at  the  changed 
voltage  from  its  secondary  circuit. 
(iii.)  Secondary  Batteries :  Used  as  voltage  transformers  by 
splitting  the  battery  up  into  sections,  joined  in  series 
for  high  voltages,  and  in  parallel  for  low  voltages. 

{b)  Far  ckan^mf^  the  vnltiige  or  the  phase  of  alternate  currents. 
(i.)  Static  Transformers  or  Induction  Coils  :  These  receive 
the   primary   current   at   one   voltage   and  deliver  the 
secondary  current  at  the  required  voltage  and  phase. 
(c)  For  changing  from  alternate  to  continuous  currents  {or  vice  7'ersii). 
(i.)  Coupled  Motor  and  Dynamo  as  in  {a)  (i.) :  The  motor 
must  be  one  adapted  to  work  with  the  primary  current, 
whether  alternate  or  continuous,  and  the  dynamo  such 
as  can  generate  the  required  currents. 
(ii.)  Rotary  Converters  (sometimes  called  Rotaries) :  These 
receive  from  the  primary  circuit  an  alternate  (single  or 
polyphase)  or  continuous  current,  as  the  case  may  be, 
and  deliver  to  the  secondary  circuit  the  required  con- 
tinuous or  alternate  current. 
(«f)  For  changing  from  alternate  to  continuous  currents  only. 

(i.)  Motor  Converters  :  These  differ  from  rotaries  in 
working  in  one  direction  only  (though  it  is  possible  to 
reverse),  and  in  there  being  no  conducting  connection 
between  the  two  circuits, 
(ii.)  PermutatOrs:  In  these  only  a  set  of  bri'  '  -volves, 
and  the   mass  of  the  machine  is     tatior  'cy  are 

irreversible. 
Dynamos,  secondary  batteries,  and  static  transformers  have  already  been 
referred  to  ;  motors,  motor  generators,  rotary  converters,  motor  converters 
and  permutators  will  be  dealt  with  in  the  next  chapter. 

II. — SVSTKMS   OF  TRANSMISSION. 

In  what   follows   it   must   be   understood   that   a   distinction   is   drawn 
between  transmission   and   distribution.       The   former   term,  transmission, 
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will  bf  ii>t.(l  ill  those  cases  in  wliicli  the  Kt-iui.itiii«  st.iliuii  and  the 
coiisiiiiKr  or  proup  of  consunurs  are  so  far  apart  that  the  qiicslion  of 
how  the  intervening  <li>tantc  is  to  be  bridKeil  is  deeiucil  worthy  of 
separate  consideration.  If  the  distant  consumers  are  niimeroii-.  and  lie 
close  together,  then,  in  the  first  instance,  the  power  is  usually  transmitted 
from  the  generating  station  to  a  stih-stiilion  conveniently  situated  in  their 
neighbourhood.  For  the  deli\ery  of  the  power  to  the  consumers  in  the 
immediate  neighbourhood  of  the  generating  station  or  the  sub-station  we 
shall  use  the  term  liisttilmti'fii.  The  limit  at  which  distribution  ends  and 
transmission  begins  cannot  be  rigorously  defined,  for  it  depends  not  only 
on  the  distance  but  also  on  the  amount  of  power  to  be  handled.  In  fact 
the  systems  overlap,  for  the  finins,  which  are  used  in  distributing  s\  stems, 
are  modified  tr..nsniitlers.  As  a  rule,  for  general  distribution  the  limit  is 
about  a  mile.  An  e.xception  must,  however,  be  made  of  the  case  ol  electric 
traction,  to  which  the  toregoinR  remarks  do  not  .strictly  apply. 

Tlie  preceding  summary  of  the  transformers  available  shows  that  there 
are  no  theoretical  restrictions  on  the  kind  of  current  which  may  be  used 
on  the  transmission  line.  Whatever  method  of  generating  the  electric 
power  is  used,  and  whatever  lorm  of  electric  jiowci  may  be  generated  and 
at  v/hatever  voltage,  transformer;  i  available  fur  changing  to  any  other 
voltage  or  form  required  for  transmission  to  the  distant  consumers.  And 
further,  whatever  may  be  the  voltage  or  forni  of  power  on  the  transmission 
circuits  on  the  one  hand,  or  whatever  may  be  the  vt)lt.ige  or  fortn  ot  power 
required  by  the  consumer  on  the  other  hand,  transf.>rmers  can  be  found 
capable  of  making  the  necetsary  changes.  The  solution  ;■.■.  any  given  case 
therefore  turns  entirelv  upon  details  of  capital  cost,  economy  of  working 
and  maintenance,  and  difTiculties  of  design  and  construction.  Such  details, 
as  a  rule,  are  highly  technical,  and  we  therefore  only  propose  to  illu>trate 
the  main  principles  here  by  reference  to  a  few  typical  existing  systems. 

The    considerations    already    set    forth    conclusively    prove    that     for 
economical    long    distance   transmission   high   voltages   with    a    minimum 
number  nf  eonductors  must  be  used.     The  classification  of  the  available 
systems  is  therefore  fairly  simple  and  may  be  summarised  as  follows : 
(i.)  Continuous  current  systems, 
(ii.)  Single-phase  alternate  current  systems, 
(iii.)  Polyphase  alternate  current  systems. 

Continuous  Current  Transmission.— The  employment  of  continuous 

currents  for  the  transmission  ot  electric  energy  over  long  distances  offers 
many  advantages  as  compared  with  the  use  of  alternate  currents,  even 
when  the  latter  are  ot  the  low  periodicity  <jf  25  periods  per  second.  With 
continuous  currents  the  changes  of  current  strength  occur  slowly  and  to 
a  certain  extent  gradually  as  compared  with  the  rapid  fluctuations  of 
alternate  cuirenis,  and  the  eoHsequcnt  changes  in  the  eieclru  Uiagiietio  and 
electrostatic  energy  stored  in  the  surrounding  medium  are  correspondingly 
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slow  and  gradual.  There  is  therefore  an  absence  <if  tliosc  re.ittaiKcs  o\\ 
the  traiiMiiitliiig  circuit  to  which  alteiitioii  has  already  been  called,  and 
which  are  a  serious  source  of  trouble  in  practical  work. 

C^n  the  other  hand,  it  has  been  found  dilTicuIt  to  produce  on  a  conunercial 
scale  continuous  currents  at  anything  like  the  voltages  which  have  been 
attained  in  actual  practice  with  alternate  currents.  There  are  in  exist- 
ence power  transmission  lines  on  which  alternate  currents  at  50,000 
volts  are  used,  and  still  higher  voltages  have  been  tried.  On  the  other 
hand,  1,000  to  2,000  volts  mark  the  limits  usuallv  employed  with  con- 
tinuous currents,  and,  bearing  in  mind  the  conditions  Iready  recited, 
the  extending  use  of  high-voltage  alternate  currents  is  easily  understood. 
The  difficulty  in  the  case  of  continuous  currents  lies  in  the  construction 
of  a  commutator  which  under  working  conditions  will  stand  really  high 
voltages,  whether  on  the  generating  dynamo  or  on  a  motor-generator 
used  as  a  "  tep-up  "  transformer.  Continuous  current  high -voltage 
dynamos  have  been  built  for  laboratory  purposes  by  Crocker,  Hurmuzescu, 
and  others.  Crocker's  dynamo  gave  03  ampere  at  ir,ooo  volts,  ami 
Hurmuzescu's  2  amperes,  at  3,000  volts.  On  the  Continent,  however, 
M.  Thury  has  inst  .lied  several  transmission  schemes,  the  continuous 
currents  for  which  have  been  generated  by  dynamos  giving  pressure 
"P  t"  3i500  volts  each,  and  which  being  placed  in  series  ha.e  raised 
the  transmission  pressure  to  25,000  volts  and  over. 

{•'or  the  above  reasons  continuous  current  transmission  ovei  long 
distances  is  tiot  yet  much  used,  though  it  is  l.irgcly  employed  for  short 
distances.  The  following  metlioil  used  some  years  ago  by  the  Chelsea 
Electricity  Supply  Company  for  transmitting  power  Irom  its  generating 
station  to  its  sub-stations  is  described  as  an  illustration  of  the  principles 
involved,  and  also  as  being  of  historical  interest  : — 

The  dynamos  d  (Fig.  552)  generated  a  current  at  a  pressure  of  500  volts, 
which  was  used  to  charge  secondary  batteries  at  sub-stations.  Each  battery 
was  in  two  halves,  and  each  half  was  again  divided  into  four  sections  of  54 
cells  each.  When  being  charged  by  the  current  from  the  central  st.ition  the 
four  sections  of  one  half  of  the  battery  were  joined  up  in  series.  When 
the  sections  were  fully  charged  they  were  automatically  switched  out  of 
the  charging  circuits,  placed  in  parallel  with  one  another,  ,inil  lonnected 
to  the  distributing  mains  of  the  district  sujjplied  by  the  sub-station.  The 
fo\ir  sections  of  the  other  half  of  the  battery,  which  had  meanwhile  been 
supplying  current  to  the  distributing  mains,  were,  when  discharged,  taken 
oflF  those  mains,  placed  in  series  with  one  another,  and  switched  into  the 
dynamo  circuit.  The  connections  with  one  half  of  the  battery  being 
charged  and  the  other  being  discharged  are  shown  in  Vi^.  552,  in  which 
D,  D,  D  are  the  dynamos,  a,  a,  a  the  sections  of  the  battery  which  are 
being  charged  in  series  (only  thrive  are  shown),  and  n,  h,  n  are  the  sections 
in  parallel  which  are  supplying   current  to  the  oistributing  mains  L,  l,  l. 
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C,  r,  1    are  reverscil  cells  i..  tlie  disi.haip;iiig  circuits  wliicJi  are  automatically 
conjcctcd  up  as  shown,  so  as  to  kci'p  tlie  ilischarfjiiif;  p.  i).  constant. 

When  both  halves  of  tlie  battery  were  charged  the  dvnainos  were  stopped 
aad  all  the  cells  were  put  on   to  the  distributin';  mains.     Jf  the  demand 
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ti*i-  53t  — Continuous  Current  Trarismi:>sion  with  Secondary  Batteries  as  Traoslorniers. 


was  greater  than  the  cills  could  supply,  the  dynamos  were  again  started 
and  current  supplied  to  the  motor  generators  k,  h,  p:,  whose  secondary 
circuits  then  supplied  a  lOO-volt  current  to  the  distributing  mains.  The 
whfile  of  the  somewhat  complicatt  d  changes  of  coimeetions  necessary  in 
this  system  were  automatically  accomplislied  by  a  set  of  ingenious  switches 
designed  Ly  Mr.  F.  King. 

Singfle-phase  Alternate  Current  Transmission.— The  general  con- 
nections, leaving  out  all  details  of  switch-boards,  regulating  and  safety 
devices,  etc.,  of  a  modern  high  pressure  transmission  plant  with  single- 
phase  alternate  currents  are  shown  in  Fig.  55?.  In  this  diagram  the 
generator  r.  is  assumed  to  be  delivering  single-phase  currents  at  a  pressure 
of  5,000  volts,  though  inueh  higher  pressures  have  been  directly  generated. 
The  5,000-volt  current  is  led  to  the  static  transformer  or  bank  of 
transformers  T„  which  raises  the  pressure  to  30,000  volts,  at  which  the  energ)- 
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is  delivered  to  llic  traiisiiiissioii  liiu's  1. 1.,  I.' i.',  hv  wliiili  it  is  tmivcyed 
to  the  distant  tr.msfoiiiicr  hotisc  T,.  Hire  tluic  ati-  "  stcpilnwi)  "  Ir.ins- 
fiirtiKTS  which  reduce  the  I)rt■^sure  h.u  k  .iKiiri  to  5,000  volts,  at  which 
it  is  delivered  to  one  or  more  sub-stations  in  tlie  iniiiu-di.ite  neighhour- 
llood  of  the  con.^uiners,  wliere  the  pressure  is  a^.tiii  reduced  by  static 
transfonners  to,  sav,  400  to  500  volts,  at  whiili  tin;  eiUTKV  '=*  dehvered 
eitlier  to  rotary  converters  to  be  tian-lormed  into  lontituiuus  current 
enerny,  or  direct  to  the  distributin)'  mains  tor  ordinary  single  phase 
alternate  current   di:^triblllion. 

It  interesting;  to  note  both  the  rcseniblan*  es  and  the  difTerenccs 
between  this  diat^ram  and  the  diagram  (F''ig.  4:7)  on  pai;i'  4'>2  for  the 
electric  transmission  of  speech.  In  both  diagrams  induction  coils  are 
used  as  "step-up"  transformers  to  obtain  a  high  V(.ltage  tor  long 
iiiscance  transmission.  In  the  telephonic  case,  however,  the  .imount  of 
energy   dealt   with    is   almost    infinitely   small,    and   ([uestions   of  economy 
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of  energy  do  not  arise,  other  considerations  being  of  far  greater  im- 
portance. In  the  power  case  questions  of  economy  dominate  the  problem  ; 
hence  note  the  careful  sf  jcification  of  the  voltages  required,  a  speci- 
fication which  is  quite  absent  from  the  previous  problem. 

Some  years  ago,  in  1892^  the  pioneer  work  in  long  distance  trans- 
mission at  high  voltage  with  single-phase  currents  was  being  done  by 
Mr.  Ferranti  at  the  Deptford  Station  of  the  London  FCIectric  Supply 
Corporation.  It  was  here  that  a  pressure  of  10,000  volts  wis  used  for 
the  first  time  in  1891  on  a  single-phase  transmission  liiie,  and  a  few 
details  of  the  transmission  at  that  time  will  be  of  historical  interest. 
Two  small  alternators,  afterwards  replaced  by  larger  machines  which 
generated  current  at  10,000  volts,  gave  each  a  current  of  196  amperes 
at  2,400  voks,  which  was  transformed  "up"'  to  a  less  current  at  10,000 
volts.  The  10,000  volt  current  was  then  transmitted  to  sub  st.itions  in 
London,  where  large  transformers  reduced  the  pressure  to  2,400  volts, 
at  which  pressure  current  was  delivered  to  a  network  of  high -pressure 
mains  in  the  neighbourhood  of  the  sub-station.  Finallv,  this  current 
w.:is  aiinin  transtormed  to  a  loovolt  lurrtiit  by  transtorniers  placed  on 
the  consumer's  premises,  or  several  lonsuniers  close  to  one  .mother  were 
supplied    from   banked   transformers.     The   distance   of    the   larthest    glow 


T-Cr«b*iSsr,-.v 


.MUeffiK^' 


''4r  ..^ivm'^sr'-i^tL- 


^^M^^r^ 


5  Ho 


ElFXTKIClTV  IN    IHK   SSKy/CM  Of   Ma.V. 


r   •> 

I 

I 

I 

I 


-JE 


to 


—     <N 


common  junction  o,  which  was  connc 
low-pressure  coils  throuj^h  a   fuse  F„. 


lamj)  lighted  from  Deptfnrd  was  oj 
mile?.  Important  electrical  and 
nHcl\iiiical  details  ill  connection 
with  this  and  similar  stations  will 
be  relerred  to  later. 

Polyphase  Alternate  Current 

Transmission.  -  The     hnidamenlal 
details  otthis  method  of  transmission 
will    be    best    understcwul    from    the 
description  of  an  historical  example, 
namely,  the  three-phase  transmission 
to  the   Frankfort   Electrical   Exhibi- 
tion in   iS'ii  of  energy  derived  from 
the  falls  of  the  Rhine  at  LaufTen,  a 
distance  of  no  miles.     At  I.aufTen  a 
Brown  three-phase  generator  G  (Fig. 
554),  driven   by   a   300   horse-power 
turbine,   supplied    current    to    three 
transformers,  where  the  pressure  was 
increased   in   the  ratio  of   I    to    160 
before  the  current  was  passed  on  to 
the  line  wires.     The  arranRement  of 
the  circuits  at  the  RcneratinR  end  is 
shown  diagrammatically  in  Fig.  554, 
due  to  Mr.  Gisbert  Kapp.     Here  <: 
represents    the    generotor   with   the 
"star"  {src  paj;e  549)  connected  wind- 
ings o  I.,  O  II.,       111.  ;  the  three  con- 
ductors from  the  generator  were  eav-h 
led  through  an  ammeter  A,  a  relay- 
magnet   K,   am.'    a   fuse    k,    to    three 
transformer   coils   at  T.     The   other 
ends  of  the  low-pressure  toils  of  the 
transformers  T  had  a  common  junc- 
tion, o,  which  was  joined    to   earth 
and  the  connnon  junction  o  of  the 
coils   of  the    generator   g.     A   volt- 
meter, V,  was   placed   between  each 
low-pressure  conductor  and  the  earth. 
The  secondary  coils   I,  2,  ^,  of  the 
transformers  are  represented  by  dotted 
lines  ;  three  of  their  terminals  had  a 
cted  to  the  common  junction  ot   the 
The   other   high-pressure   terminals 
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were  joined  to  the  transmittinj;  wirc^' 
through  fuses  K,,  K„  Yy  These  last  wires 
consisted  of  hard-drawn  copper  oifi  inch 
in  diameter,  supjiorted  on  oil-insulators 
ill  the  simie  way  as  an  oriliiiary  tctcHiaph 
line.  The  F.  n.  between  any  line  and 
earth  was  at  first  abtiut  8,000  volts,  and 
between  anv  two-line  wires  nearly  14,000 
volts  ;  but  in  the  tuial  experiments  this 
latter  p.  D.  was  raised  to  30,000  volts.  The 
function  ot  the  relays  K,,  K„  H,  was  to  cut 
off  the  lield-niagiiet  exciting  current  frotii 
the  generator  if  the  current  in  any  brancli 
of  the  low-pressure  circuit  either  exccti.t-ti 
a  certain  maximum  or  fell  below  a  certain 
minimum.  The  earthing  of  the  common 
junctit>ns  of  the  generator  and  of  the  high- 
and  low-pressure  coils  of  the  traiisformer> 
makes  the  earth  the  electrical  centre  of  the 
system,  and  prevents  any  serious  accident 
should  one  of  the  line  wires  break  .ind 
tall  to  the  ground. 

The  connections  for  the  power  suit 
station  at  the  Franktoit  end  are  ^hown 
in  Fig.  555.  The  line  wires  i,  2,  j,  were 
connected  to  the  hi>)li  pressure  coils  of 
ttiree  transformers,  whose  low-pressure 
coils  were  joined  uj  the  fixed  coils  (the 
"stator")  of  a  three-phase  motor.  This 
motor  is  represeitted  diagrainmatically  as 
consisting  of  two  three-pointed  "stars" 
with  their  common  junctions  connecteil 
at  o.  The  two  sets  of  "  star "  windings 
do  not,  of  course,  retain  the  same  relative 
position  when  the  motor  is  working,  as 
otherwise  the  moving  coils  would  not  cut 
any  magnetic  lines,  and  thus  neither  k.  m.  k. 
nor  current  would  be  set  up  in  them.  It 
will  be  explained  later  that  the  moving 
coils  (the  "rotor")  of  such  a  motor  are 
only  traveised  by  induced  cutrenls.  The 
free  ends  of  the  moving  coils,  instead  of 
being  directly  coisnected,   wc:c   bruuglit 
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intowhith  tlic  iron  plato  A  cuulil  he  li.ucicil.  .At  -t.irtinn  the  iron  platei 
arc  (liawii  iiiailv  out,  hut  as  tlic  aiiiiatuic  ^cls  up  >i>t'C(l  and  its  induced 
K.  M.  V.  falls,  the  plates  are  lowcreil  until  at  (nil  spceti  the  rotor  coils 
are  short-circuitiil.  In  this  wav  the  great  ru>h  ot  current  which  would 
occur  in  short  circuited  coils  if  the  rotor  were  standing  still  was  avoided. 
The  motor  had  at  full  load  an  output  of  ahout  loo  horse-power,  and  was 
designed  specially  |i>r  tliese  experitnents  hy  Herr  von  Dolivo-Dobrowolsky. 
1  he  results  of  the  trials  were  verv  satisfactory.  The  power  delivered 
by  the  turbines  to  the  dynamos  at  LautTen  was  measured,  and  likewise 
the  power  obtained  from  the  motor  at  Franklort.  In  one  experiment 
113  horse-power  was  delivered  to  tlio  dynamos,  and  81  horse-power 
obtained  from  the  motor  no  miles  away,  the  transmitting  conductors 
being  no  stouter  than  ordinary  telegiaph  wires.  These  figures  show  a 
net  efficiency  of  about  72  per  cent  In  some  other  experiments  the 
electric  power  was  used  for  lighting,  and  a  much  l.irger  amount  of 
power  was  transmitted  ;  for  this  purpose  the  line  wires  4,  5,  6  were 
connected  to  the  higli-pressure  coils  of  transformers,  whose  low-pressure 
coils  were  directly  connected  to  the  lamp  circuits.  In  one  case,  when 
1974  horse-power  was  delivered  by  the  turbines  at  I.aulTen,  as  much  as 
145S  horse-power  was  utilised  in  the  lamps  at  Frankfort,  the  net 
efficiency  being  tnus  73(J  per  cent.  These  figures  showed  that  the 
electric  transmission  of  large  powers  over  long  distances  was  not  c;.  y 
theoretically  but  practically  [)ossible. 

The  above  descriptions  merely  give  the  outlines,  by  ex.imples  which  are 
now  historical,  of  the  three  solutions,  referred  to  on  p.ige  576,  of  the  problem 
ot  the  electric  transmission  ot  large  quantities  of  energy  over  long  distances. 
The  numerous  technical  details  and  appliances  will  be  dealt  with  later  as  far 
as  space  permits. 
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Onf  of  the  most  useful  of  fl,c  mysterious  properties  of  the  doific 
current  is  that  \vc  arc  able  ic  tiaiiNtorm  the  clcLtiital  energy  whii.h  it 
tarries  iiUn  mixhaiiical  enerjn-,  available 
for  ail  tlic  multit.iiuiua  ".nk  lu  vvi.iLii 
such  ener^jy  can  be  put.  Moreover,  in 
many  cases  it  is  possible  to  elTet  t  the 
transformation  at  the  very  place  where 
tlie  niecli  inical  energy  is  required  for 
Useful  work,  ami  thus  full  advantage  can 
lie  taken  of  the  great  flexibility  and  con- 
venience of  electric  conductors  as  trans- 
mitters of  tiiergy.  The  machines  by 
which  the  transformation  is  cHected  are 
known  as  electric  motors,  which  may 
be  defined  as  mac/iincs  fur  cnvetting 
eiiert^v  in  the  form  of  t-lntric  currents 
tntu  energy  in  the  form  of  mechanical 
puwer  hy  tnai^neto  -  electric  induction  ; 
the  uperati'in  heiiig,  in  general,  that  './' 
setting  conductors  to  rotate  in  a  magnetic 
JielU. 

These  machines  already  play  a 
very  important  part  in  the  modern 
a|)plications  of  electricity,  and 
their  relative  importance  is  likely 
to  increase  rather  than  diminish 
in  the  future.  Apart,  therefore, 
from  the  fascinating  physical  laws 
which  underlie  their  action  and 
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their   historical  interest,  they  are  deserving  of  careful  attention  on  other 
grounds. 

I. — mSTOKICAI,    .NOTES. 

Early  Electric  Motors.— It  would  seem  that  the  first  electric  nioior- 
(shown  in  Figs.  556  and  557)  were  constructed  by  Salvatore  dal  Negro,  Pro- 
fessor at  the  University  ol  I'adua,  in  1830,  and  therefore  beloiu  I'araday'i 
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discovery  of  magneto-electric  induction.  The  steel  magnet  a  (Fig.  556)  is 
mounted  to  oscillate  about  an  a.xis,  in  such  a  way  that  its  upper  end 
moves  between  the  poles  of  the  electro-magnet  K  (drawn  separately). 
When  a  current  flows  througli  the  coils  of  the  electro-magnet,  the  upper 
end  of^  the  permanent  magnet  a  will  move  so  that  it  approaches  the  dis- 
similar, and  moves  away  from  the  sirriilar  pole  of  the  electro- magnet. 
If  the  poles  of  the  electro-magnet  are  made  to  change  constantly,  the 
magnet  a  will  be  made  to  oscillate.  The  change  of  direction  of  the 
current  is  brought  about  by  the  commutator  c,  which  is  set   in   motion 


Dal  Negro't  Mooad  Electric  Motor. 


by  the  magnet  a,  by  means  of  the  rod  /  and  forked  piece  f.  The  com- 
mutator is  inserted  in  the  same  circuit  as  the  electro-magnet,  and  reverses 
the  direction  of  current  exactly  at  the  moment  when  the  permanent 
magnet  has  approached  the  one  or  the  other  pole  of  the  electro-magnet. 

By  means  of  the  second  apparatus  (shown  in  Fig.  557)  a  continuous 
ro'ation  is  produced.  Here  the  electro-magnet  E  influences  an  armature 
fastened  to  the  horizontal  lever  l,  by  means  of  which  the  motion  of  a 
commutator  c  is  also  brought  about.  From  the  projection  M  of  tiie  lever 
a  rod  catches  in  the  teeth  of  a  wheel,  keeping  it  in  motion.  To  make 
this  motion  more  uniform,  pieces  of  wood  or  spokes  which  have  balls  at 
their  ends  are  fastened   radially   ujmiii  the  axis  ci  t'u>  toothed   wheel. 

Jacobi,  the  inventor  of  electro-deposition,  described   in    1834   the  ton- 
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struction  of  an  electro-molor  (Fig.  55^),  which,  alter  iindcrKoing  several 
alterations,  was  employed  for  propelling  a  vessel  011  tlie  Neva.  The  appa- 
ratus consists  of  two  series  of  horse-shoe  electro-magnets  fastened  upon 
two  supports  ;  between  these  supports,  upon  a  horii-ontal  axis,  is  a  six-armed 
wheel,  each  of  whose  arms  carries  a  couple  of  straij;hl  magnets  p.irallel 
to  tile  axle.  Upon  the  same  axle  is  fasteneil  a  commutator  ot  four  discs, 
which  changes  the  direction  of  the  current  in  the  coils  of  the  electro- 
magnets at  th.it  moment  when  the  straight  electro-magnets  are  opposite 
the  poles  of  the  horse-shoe  magnets.  If  the  straight  magnets  are  between 
two  succeeding  horse-shoe  magnets,  one  of  the  latter  iiitUientes  the  inter- 
mediate straight  magnet  with  a  repelling,  the  other  with  an  attracting, 
force.  When,  therefore,  the  terminals  of  the  motor  are  connected  with  a 
battery,  continued  rotation 
is  obtained  by  means  of  the 
moving  magnets  and  the 
spur  wheel.  Du  Moncel 
and  Geraldy  (in  L'£lec- 
trkiti  cnmtne  Force  Motrice) 
describe  the  following  ex- 
periments made  with  this 
motor  for  propelling  a  vessel 
on  the  Neva.  P'or  the  first 
experiment  a  battery  of  320 
Daniell  cells  was  used,  in 
which  each  of  the  copper 
and  zinc  plates  had  a  surface 
of  thirty-five  square  inches. 

With  this  battery  the  vessel  pjg.  5jai_j^bi'.  Kiectric  Motor, 

moved   with   a   velocity  of 

14  miles  per  hour.  For  experiments  in  i»3')  Jacobi  used  a  battery  con- 
sisting of  1 28  Grove  cells  of  the  same  surface  area  of  plates.  With  this 
he  obtained  a  velociiv  of  2'6  miles  per  hoiii.  The  vessel  itself  measured 
275  feet  by  75  feet,  and  carried  twelve  persons.  These  experiments  are 
said  to  have  cost  about  ^"2,400,  and  were  paid  for  by  the  Emperor  Nicholas. 
The  motor  constructed  by  Elias  in  1842  resembles  the  ring  subsequently 
constructed  by  Pacinotti  in  appearance,  and  consists  (Fig.  55^)  of  two 
concentrically  arranged  iron  rings,  k  and  t,  each  having  six  groups  of 
coils.  The  outer  ring  is  fixed,  and  is  carried  by  the  supports  c  c'.  By 
means  of  the  six  layers  of  wire,  which  are  wound  alternately  in  opposite 
directions,  the  whole  ring  is  divided  into  six  electro-magnets,  the  poles 
of  which  A  a'  are  alternately  north  ami  south  seeking,  and  are  energised 
by  currents  supplied  to  the  wires  _ir  and  t^'.  The  inner  ring  r,  which  can 
rotate  round  a  horizontal  axis  supported  by  i'  v'  is  constructed  in  a  similar 
manner,  and   has  also  six  poles  u  u       The  cuiimiutalui   (,   is  fastened  upoo 
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the   same  axle,  and   (.oiisists   ol   bix   metal   strips   at   equal  distances   from 
each  other,  and  connected  alternately  to  the  wires  /  and  /.     Over  this 

commutator  slide  the 
=^  springs  R  r',  which   are 

connected  with  the  clamps 
B  b'.  a  battery  being  con- 
nected to  B  and  b',  the 
current  flows  from/  to  /', 
or  from  f  to  /,  according 
to  the  position  of  the  com- 
mutator. Thus  the  direc- 
tion of  the  current  in  the 
spirals  of  the  inner  ring  is 
constantly  changing,  and 
this  causes  a  correspond- 
ing change  of  the  poles 
a  a',  and  a  continuous 
rotation  of  the  ring  T. 
If,  for  instance,  a'  is  a 
north  pole,  a  has  to  be  a 
south  pole,  and  is  then  at- 
tracted by  a'  and  repelled 
by  A.  If  the  south  pole  a 
has  now  arrived  at  the 
north  pole  a',  the  south 
pole  a  is  immediately  con- 
verted into  a  north  pole, 
because  the  springs  r  r' 
have  also  arrived  at  the 
next  metal  strips,  causing 
a  reversal  of  the  current 
in  the  coils  of  the  movable 
ring.  The  north  pole  a 
is  now  repelled  bv  the 
unchanged  north  pole  a', 
and  attracted  by  the  south 


pole  c',  hence  the  inner 
ring  continues  its  rotation 
in  the  same  direction. 

Froment,  during  the 
years  1844  to  1862,  con- 
structed   several    motors, 

to  which  he  gave  different  shapes.     We  shall   describe  only  mic  of  these; 

and  for  further   information  refer  to  Th.  du   Moncel  and  Ueral.ly's  work, 


Fig.  5&J.— Froment'i  Electric  Motor. 
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V Electricitt  comme  Force  Motrice.  A  motor  constructed  in  1845  is  showrj 
in  Fig.  560.  Four  double  electro-magnets  are  fastened  upon  a  frame, 
as  shown.  A  wheel  rotates  between  the  poles  of  these  electro-magnets, 
and  carries  soft  iron  bars,  which  are  fastened  upon  its  circumference 
and  serve  as  armatures  for  the  magnets.  The  attraction  which  these 
magnets  exert  upon  the  armatures  brings  about  a  continuous  rotation. 
The  current  from  a  battery  is  first  conveyed  to  a  commutator,  which 
supplies  the  several  electro-magnets  with  continuous  currents  periodically 
interrupted.  The  commutator  consists  of  a  series  of  contacts  fastent  !  to 
the  shaft  of  the  wheel,  over  which  slide  contact  wheels  or  buttons  pressed 
by  springs.  Thus  it  happens  that  those  two  electro-magnets  are  supplied 
with  currents  which  are  bemg  approached  by  the  iron  armatures  of  the 
wheel.  This  motor  is  still  used  for  toys  or  demonstrations  in  physical 
laboratories,  and  when  supplied  with  alternate  currents  is  useful  for 
getting  synchronous  rotation. 

V^arious  motors  were  constructed  from  time  to  time,  in  which  the 
reciprocating  motion  of  an  iron  plunger  inside  a  solenoid  was  made  to 
transmit  motion  to  machines  in  much  the  same  way  that  the  motion  of 
a  piston  in  a  cylinder  is  utilised  in  steam  engines.  Of  these,  Hjorth's 
and  Page's  were  described  in  the  first  edition  of  this  book.  But  Paci- 
notti's  motor  with  a  ring-wound  armature,  invented  in  i8to,  was  a  great 
advance  on  all  these.  Eleven  years  before  the  invention  of  the  Gramme 
dynamo,  the  ring  armature  wound  upon  a  core  with  projecting  teeth  was 
used  in  this  electric  motor.  So  important  was  this  step  in  the  history, 
not  only  of  motors,  but  of  dynamos,  that  we  give  here  a  translation  of  the 
original  paper  in  Italian,  by  Dr.  Pacinotti.  Fig.  561  is  taken  from  Lu  Lumiere 
ilectriqtte,  and  represents  a  model  machine  exhibited  in  Paris  in  1881. 

Description  of  a  Small  Electro-magnetic  Machine  by  Dr.  Antonio  Pacinotti. 

la  i860  I  had  occasion  to  construct,  for  the  Museum  of  Technological 
Physics  of  the  University  of  Pisa,  a  small  model  of  an  electro-inagnctic 
machine  devised  by  me,  an  account  of  which  I  now  decide  to  publish, 
especially  in  order  to  make  known  an  electro-magnet  of  a  particular  kind 
employed  in  the  construction  of  the  said  m.ichine,  which  seems  to  me  to  he 
adapted  to  give  greater  regularity  and  steadiness  of  action  in  such  electro- 
magnetic machines;  and  is  of  a  form  suitable  for  collecting  the  sum  of  the 
currents  induced  in  a  magneto-electric  machine. 

In  ordinary  electro-magnets,  even  when  a  conunutator  is  adapted  thereto, 
the  magnetism  always  appears  in  the  same  positions ;  whilst  with  the  conunu- 
tator which  is  united  to  the  electro-magnet  that  I  describe,  the  poles  can  be 
made  to  move  in  the  iron.  The  form  of  the  iron  of  such  electromagnet  is 
that  of  a  circular  ring.  In  order  to  easily  understand  the  movement  and  the 
mode  of  action  of  the  magnetising  current,  let  us  suppose  here  be  woutui 
upon  our  ring  of  iron  a  copper  wire  covered  with  silk,  atui  when  the  first 
spiral  is  finished,  instead  of  continuirig  the  helix  by  going  over  th.it  already 
constructed,    let    the    wire    be    ctuseii    by    soiiieiiiig    tugitiicr    the    two    ends    that 
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come  near  each  other.  In  this  manner  we  shall  have  covered  the  iron  ring 
with  a  closed  insulated  spiral  directed  entirely  in  one  way.  Now  if  we 
connect  the  poles  of  an  electric  battery  with  opposite  points  of  the  wire  of 
this  helix  on  one  side  .ind  on  the  other  of  the  rin^,  the  direction  the  curient 
takes  will'  be  such  that  the  iron  will  become  magnetised,  presenting  the 
magnetic  poles  at  the  places  where  the  conducting  wires  are  applied.-  The 
direct  line  that  unites  these  poles  may  be  called  the  magnetic  axis.  By  chang- 
ing the  points  in  communication  with  the  battery  we  may  give  any  position  to 
this  magnetic  axis  transversal  to  the  figure  or  ring  of  iron  of  the  electromagnet 


Fig.  561.  — P»cinoi(i's  M.icliiiie. 

I,  therefore,  like  to  consider  such  a  ring  as  two  transversal  semicircular  electro- 
magnets phiced  in  juxtaposition,  and  luiving  the  poles  of  the  same  name  in 
contiguity.  In  order  to  construct  on  such  a  principle  the  electro-magnet  with 
which  I  mounted  the  snuiU  electromagnetic  machine,  I  took  a  turned  iron 
ring,  having  the  shape  of  a  toothed  wheel,  with  sixteen  equal  indentations. 
This  ring  was  supported  by  four  jrass  radii,  b  b',  which  unite  it  to  the  axis  of 
the  m.uhine.  On  each  tooth  of  the  ring  I  placed  a  small  trianguKar  prism 
made  of  wood,  iind  so  I  left  hollow  grooves,  within  which  I  could  wind  copper 
•virc  cove.ed  with  silk.  J  have  succeeded  in  placing  betw.en  the  teeth  of  this 
iron  wheel  a  iniinber  of  lulicis  or  electro  .lynamic  ...ils  well  insulated.  In  all 
these   the  wire   is   wound   in   th-^    same    <lirection,   and   each   of   them   h.is   nine 
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spirals.  Any  two  consecutive  IxiliUin-.  in-  scpiir.iti'il  from  f.icli  oilier  l>y  an  iron 
tooth  of  the  wlicfl,  and  liy  the  litlle  piece  or  triaii:-;nlar  prism  of  wood. 
Passing  from  one  liobliin  to  coiislrnct  the  follow  inj;  one,  I  have  left  free  a 
tassel  or  forii  of  copper  wire,  fixing  it  to  the  piece  of  wood  whieli  separ.ites 
the  two  bol)l)liis.  On  llic  axis  on  which  the  wheel  so  eonstriicted  rotates  1 
have  broiifjht  all  the  tassels  that  witli  oiu-  end  form  the  tirmitiation  of  one 
I)ol)bin,  .and  with  the  other  the  1)  ■-innim;  of  the-  next  oTie,  mikim;  them  n.iss 
throii^h  Convenient   holes   in   a   wooden   collar  centred  on  the   same   axis. 

This  commutator  consists  of  a  small  cylinder  of  wood,  with  two  rows  of 
^^oovcs  around  the  cyliiulrieal  surface,  in  which  sixteen  eopper  pieces  are 
inlaid,  eii;ht  on  the  npper  portion  and  as  m.iny  Ixlow  ;  the  lirst  al'ern.itint; 
with  the  second,  all  beinf;  concentric  with  the  wood.n  eylinder,  and  a  little 
projecting'  and  altiriiatinj;  with  the  wood.  ICach  of  these  small  pieces  of  copper 
is  soldered  to  the  correspon  liiiK  tassel  joined  between  the  two  bobbins,  so  that 
all  the  bobbins  conunanicatc  witb  c.ich  other,  each  beiiii,'  united  to  tin'  next 
by  a  conductor,  of  which  one  of  the  sm.ill  pieces  of  copper  of  the  commnt.ilor 
itself  makes  part,  rnttini;  two  of  these  in  communication  with  the  poles  of  a 
battery  by  means  of  two  small  metallic  wheels,  the  current  will  divide  and 
will  run  throu>;li  the  helix  on  one  side  and  the  other  of  the  points,  whence 
the  tassels  st.art,  united  to  the  two  small  comnmnieitini;  pieces,  and  tlie 
m.aKnetic  poles  will  appear  in  the  iron  of  the  wheel.  L'poii  such  poles  the 
poles  of  a  fixed  electro -magnet  e  e'  act  and  determine  the  rotation  of  the 
transvers.al  electro-m.asne*  around  its  axis.  Even  when  tlie  eleetronia,i;net  is  in 
motion,  the  poles  are  always  produced  in  the  same  positions,  which  correspond 
to  the  coinmimicatioiis  with  the  battery. 

This  fixed  electromagnet,  as  appears  by  I'ig.  561,  is  composed  of  two  iron 
cylinders  e  e',  joined  tof^ether  by  .in  iron  cross-piece,  to  which  one  is 
permanently  screwed,  an<l  the  other  is  fastened  by  a  screw,  placed  underneath, 
which  allows  it  to  run  along  a  groove,  in  order  to  make  the  poles  of  the 
cylinders  k  f,'  appro.ach  or  .cede  from  the  teeth  of  the  wheel.  The  current  o( 
the  b.attery  entering  from  the  conducting  wire  z  passes  through  a  wire  to 
the  binding  screw  3,  and  from  that  to  the  little  wheel  o,  circulates  around  all 
the  bobbins  of  the  wheel,  and  returns  tlirough  the  connection  4,  which  makes 
it  pass  througii  another  copper  wire  to  the  helix,  whii  h  surror.nds  thi'  cylindei 
I '.  From  ttiis,  coming  out  again,  it  passes  to  the  helix  of  the  eylinder  i:,  and 
is  conveyed  through  another  copper  wire  to  the  second  conducting  wire  i.  I 
h.ave  found  it  very  advantageous  to  add  to  the  two  poh'S  of  the  fixed  eli  cfro- 
magnet  two  soft  iron  armatures  a,  a',  each  of  which  end)r.aces  for  inoie  than 
one-third  of  the  circle  the  wheel  that  coiistitutis  tlie  tr.msversal  electro  magnet, 
placing  them  very  near  to  the  teeth  of  the  same,  anil  tying  them  together  with 
copper  guides. 

The  m.ichine  works  when  the  current  passis  only  through  the  ci'c  Jai 
electro-magnet,  but  it  has  much  less  strength  than  when  the  current  passe ,  also 
through  the  fixed  electro-magnet. 

The  reasons  that  induced  me  to  construct  the  sm.dl  electro-magnetic 
machine  upon  the  system  described  were  the  following: 

(i)  In  the  method  adopted  the  current  never  ceases  to  circulate  in  the 
^p]:,,^^  a[,,j  (t.f.  niacbine  does  not  move  bv  a  series  of  inniulsions  fh.it  suei  ( nd 
each  other  more  or  less  rapidly,  but  by  a  union  of  forces  that  act  continuously. 
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(2)  The  circular  constriction  of  the  revolving  ni.iRnct  coiitrilxites,  together 
with  the  prcccdinK  method  of  successive  magnetisations,  to  nive  re);ularity  to 
the   movement   anil   the   least    exncnditme  of  ..ctual  force  in   shock  or   friction. 

{^)  In  it  nothing  is  sought  but  that  tl'j  magnetisation  and  demagnetisation 
of  the  iron  of  the  ihetro magnet  be  accomplished  instantaneously,  to  which 
are  opposed  both  the  extra  currents  and  the  coercive  force,  of  which  the  iron 
can  never  completely  get  rid ;  but  it  is  only  reijuired  that  every  portion  of  the 
iron  of  the  transversal  electro  magnet,  subjected  always  to  the  convenient 
electro  dynamic  forces,  pass  successively  through  tiic  various  degrees  of 
magnetisation. 

(4)  The  external  armatures  o(  the  fixed  electromagnet  continuing  to  act  upon 
the  teeth  of  the  electric  wheel,  and  embracing  very  many  of  them,  do  not 
abandon  its  (the  wheel's)  action  while  magnetism  remains  in  them.  The 
sparks  arc  increiised  in  number,  but  much  decreased  in  intensity,  inasmuch 
as  there  are  no  strong  outside  currents  on  the  opening  of  the  circuit,  which 
may  always  be  kept  closed,  and  it  is  only  when  the  machine  acts  that  an 
induced  current  continues  directed  in  a  contrary  course  from  the  current  of 
the  battery. 

The  iiiaiii  principles  of  the  modern  continuous  current  electric  motor 
are  embodied  in  this  machine  of  Pacinotti's,  notwithstanding  its  obvious 
and  great  defects  when  looked  at  in  the  light  of  subsequent  develop- 
ments.    We  therefore  conclude  our  historical  notes  here. 


11. — CONTINUOUS  CURRENT  MOTORS. 

The  cliief  defects  of  the  older  machines  described  above,  considered 
as  motors,  were  due  to  nterniittcnt  impulses,  generation  of  heat  by  means 
of  eddy  currents,  and  b  1  mechanical  arrangements.  In  modern  machines 
the  impulses  follow  one  another  so  lapidly  as  to  be  practically  continuous, 
whilst  all  parts  subjected  to  reversals  of  magnetisation  are  carefully  lami- 
nated, and  '  is  heating  by  eddy  currents  is  reduced  to  a  minimum.  The 
parts  that  are  to  influence  each  other  are  also  better  arranged  to  produce 
the  maximum  effect  obtainable,  and  the  various  principles  underlying  the 
good  mechanical  design  of  running  machinery  are  carefully  observed. 

Reversibility  of  Continuous  Current  Dynamos.— If  the  armature 

of  a  continuous  current  dynamo  machine  is  made  to  rotate,  as  does  the 
ring  of  a  Gramme  machine,  currents  are  produced  in  the  coils  of  the 
ring  which  may  be  utilised  for  the  excitation  df  the  electro-magnets, 
and  for  other  purposes  in  an  external  circuit.  The  machine,  therefore, 
converts  mechanical  work  into  electric  energy.  If  the  reverse  process  be 
now  adopted,  i.e.  if  the  poles  of  such  a  machine  are  connected  with 
conductors  from  a  gci.erator  of  continuous  currents,  the  currents  of  the 
latter  will  have  to  pass  through  the  coils  of  the  machine,  the  electro- 
magnets of  it  will  be  excited,  and  will  influence  the  coils  of  the  armature. 
The  armature  will  then  begin  to  rotate,  and  will  continue  to  do  so  as 
long  as  the  currents  from  the  source  of  electricity  flow  through  the 
coils  of  the  machine.    This  motion  of  the  armature  can   be  transmitted 
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by  bcltinj;,  etc.,  to  any  machine  wliiili  is  uHjuircil  to  <li)  r«t\h,iniL.il 
work.  In  this  case  tlie  electric  eiier};v  is  converted  into  ineclianic.il  work, 
or  tlie  e.xacl  reverse  of  the  first  case.  Tliis  property  of  ilyn.nti"  electric 
niacliines  to  convert  mechanical  work  into  electric  energy  aiiil  electric 
eiieigy  into  mechanical  work,  is  expressed  by  saving  that  "the  dynamo 
is  a  reversible  machine." 

■  h  is,  however,  quite  worth  the  trouble  to  examine  c.irefullv  how  these 
results  necessarily  follow  from  the  principles  we  h.ive  alicailv  expl. lined. 
For  this  purpose  we  reproduce  (F'iij.  5(12)  a  diagram  previously  used  (xfr 
page  505)  t(>  explain  a  different  point.  The  figure  shows  the  direction  in 
which  the  currents  flow  in  tlie  wires  of  the  armature  of  a  hi  polar  con- 
tinuous current  dynamo  when  the  armature  rotates  in  a  clockwise  direction. 
The   currents    in    the    section  ,7t 

a  y  c"  on  the  right  are  repre- 
sented   as    flowing    from    the  A?v5AQ,«r>, 


observer,  and  those  in  the 
section  c  ^  <7  on  the  left  as 
flowing  to>vard>  the  observer. 
Now  in  order  to  drive  the 
condi'ctors  carrying  these  cur- 
rents through  the  bi-polar 
magnetic  field  of  the  machine, 
we  have  seen  that  a  torque,  "QrTYTYiy 
or  turning  moment,  which  in  /  ,  ; 

large  machines  requires  a  /  c  (j£/ 

powerful  engine  to  produce  it,  ^/ 

has  to  be   applied    to    the  shaft  rig    y  .  —Motor  Action  on  Arniilure  CuiTuiu. 

of  the  dynamo.      It  therefore 

follows  that  the  armature,  in  order  that  its  rotation  may  be  maintained, 
has  to  overcome  resisting  forces  which,  .is  we  have  seen,  act  ujion  the 
conductors  whilst  passing  through  the  magnetic  field.  All  this  is  in 
accordance  with  Lenz's  law  so  often  referred  to  in  the  preceding  p.iges. 

.  Now  let  us  suppose  that,  whilst  the  magnetism  of  the  field  is  still 
maintained  as  shown  in  the  diagram,  we  pass  currents  of  the  same 
magnitude  tmd  direction,  obtained  from  some  external  source,  through 
the  wires  of  the  stationary  armature.  All  the  condition,,  which  called 
iiito  existence  the  forces  just  referred  to  are  now  present.  We  h.ive  the 
magnetic  field  and  the  current  carrying  conductors  lying  in  it  in  exactly 
the  same  positions  as  previously.  The  same  forces  will,  therefore,  again 
be  produced  acting  in  the  same  direction  as  before,  which  was  such  as 
to  resist  the  rotation  of  the  armature  in  a  clockwise  direction.  .  They 
will,  therefore,  tenri  to  rotate  the  armature  in  a  counter-cloikwise  direction, 
and  the  armature  will  rotate  in  that  direction  provided  any  other  iorces 
tending  to  resist  its  rotation  are  not  too  great.     Up  to  a  certain  limit, 
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therefore,  work  can  be  done  by  the  armature  against  external  forces  which 
tcn<l  to  prevent  its  rotation. 

The  fact  that  a  current-carrying  conductor  placed  across  the  lines  of 
a  magnetic  field  is  subjected  to  a  mechanical  force  tending  to  pull  it 
sideways  may  be  tested  by  a  simple  experiment.      Let   n,  s  (Fig.   5''.^)  be 

the  pole   pieces  of  an  ordinary 
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electro -magnet,     having     their 
faces    flat     and    with    only    a 

narrow    .lir-gap    between.      In 

T[  this  gap  is  stretched  the  veiti- 

I  \  \j_U-L^4-ij  /        cal  copper  wire  A  it,  kept  taut 

by  a  strong  spring  at  A  ; 
current  can  be  passed  into  the 
wire  from  the  leads  c  and  n. 
Attaciied  to  the  wire  in  the 
ij;      h*'  [9y  middle   of  the   gap   is  a  hori- 

'  -^  ^ — ^  zontal     cord     passing    over     a 

pulley  P  and  kept  taut  by  a 
weight  w  ;  the  pulley  carries 
a  pointer  F  which  moves  in 
front  of  a  scale  i  .v.  If  the 
electro-magnet  be  iii...'  excited 
and  have  the  polarity  indicated, 
it  will  be  found  that  f)n  passing 
a  strong  current  d'.wn  the  wire 
the  index  v  moves  towards  the 
right,  showing  a  similar  move- 
ment in  the  wire.  The  index 
returns  to  zero  when  the  current 
in  the  wire  ceases,  and  moves 
in  the  opposite  direction  if  the 
current  in  the  wire  be  reversed  and  sent  «/  instead  of  down.  The  first 
case  given  (current  downwards)  is  that  depicted  diagrannnatically  in 
Fig.  .^47,  the  observer  being  supposed  to  stand  on  the  left-hand  side  of 
the  magnet  (Fig.  563)  and  facing  it.  The  experiment  can  be  furthet 
varied  by  reversing  the  magnetising  current  of  the  electro-magnet. 

Another  and  very  important  point  arises  in  the  experiment  with  the 
dynamo  (Fig.  j*i-).  We  have  now  the  armature  rotating  in  an  opposite 
direction  in  the  same  magnetic  field  as  before.  In  accordance  with  the 
principles  of  magneto-electric  induction  k.  m.  k.'s  must  be  set  up  in  the 
copper  conductors,  and  these  h.  m.  F.'s  must  be  in  the  opposite  direction 
to  those  generated  when  the  machine  was  running  round  the  other  way. 
In  thv,  latter  case  the  k.  m.  k.'s  were  m  the  same  direction  as  the  cur- 
rent— in  fact,  they  were  the  R-  M.  k.'s  necessary  to  produce  the  current.     In 
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rterf  on  a  Ciirrent-Catr>-ing  Conductor 
.'.rou  a  Magnetic  Field. 
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actually  does  reduce-  the  nuKnitude  ot  the  current. 

th.t    n/*""'"   '"  '   ^"T'   previously   referred    to.       It    lus    been    .sn-rted 
that     no    energy    ean     be     taken     tro.n    an    electric    current    (..^or    ,h 
he    .  K    wa,tc    heat)    unle.s,s    the    process    by    which    the    c    c'r«v    i     , 
formed  generates   a    back  k.  m.  k.  in  the  electric  c,rcu„.     We  h  ve   h    "    \" 
most  important  >llustration   of  this  principle 

The  (act  that  the  current  is  so  cut  down   by  a   back    k  s,  k    ,„  „•   h 
tested  experimentally.       Let   two  dvna.nos   be  co^-nec  e     w,th  c     I        , 

as  shown  in  F,«.  5^.  ,,e  current  be.n«  i.d  th.^;;;;'  ;hc"a:i;;.:;.;;:;'^; 

Genkkator. 


rig   56..-K.per™eitt  on  Ihe  Back  i  ».,.</  .  Moior 


the  machine  marked  "  motor "  in   ih..   ,i;r    ,•  ,       . 

at   a  speed   of    siv     .  «^    *''-""-'cor.       Let    the   generator   be  maintamed 

speed   01,    sa\,    1,000  revolutions  per   minute    md    tbo  .n .    1      f  .u 
motor  be  allowed  to  increase  trraduallv      If  T    \  ^         "^  ^^"^ 

in    the    circuit     of    ,hl    \        K^adually.     If  a  galvanometer  ,;  be  included 
m  circuit    of    the    two    machines,    the     needle    will    show    a    r-mid 

decrease  of  current  in   the  circuit  as  soon  .,  the   motor  be  I    .to  nS 

i^ .   ^-"it^rrorv^  f""^^' '''--  ^vi^'-..e ' pr of 

steidv  ,  r  ■    R''>'^-»"«"'*-'t*=r,    therefore,    indicates    a 

macmnc,    which    we    supp„.c    has    n„    work    to    ,1.,    except    to   ovvr.-,,,,,. 
friction,   etc     continues   to  increase.      The  speed    of   the   httcr  ,  " 

ever,  only    increase    as    long   .-„    the    p..  m.  ,/ nf    the   ucL    tt 

."  construction  and  equal   in  si.e.  it    follows  that   when    the   speM  of  X 
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sec.iul  macl.inc  lias  increased  until  it  is  the  same  as  that  of  the 
eencratur  llic  -.m.k.'s  will  also  be  equal,  the  current  will  bccotne 
leru,  ami  the  needle  wmI  not  be  deflected.  This  condition  cannot  be 
leaclied  practically,  because  of  the  friction  <.f  the  second  machine. 

Let  us  now  consider   the  case   in  which  the  motor   has  to   do  work. 
The  extreme  case  is  that  in  which  the  armature  of  the  second  machine  is 
held    fast,   i.e.   forcibly   prevented   from   rotating.     In  this  case  the  second 
machine    cannot    produce    an    opposing    h.  m.  k.,    but    acts    as    ^    simple 
circuit   of  small   resistance   for   the  generator,  the   current    of  which   will 
increase    rapidly    to    its    maximum    value.      What   then   becomes  of  the 
expended    energy?      It   is  converted  into   heat,  and  the  experiment   ca.. 
only    last    for    a    very    short    time    without    damaging    both    machines. 
Suppose  now  the  motor  is  allowed  to  do  work,  say  to   lift  a  load.    The 
generator   receives  energy  from  the   steam-engine,   and   furnishes  electric 
currents  •    the   motor  receives   electric   currents,   and   does   work.     If  the 
work   the   motor   has  to  do   is  only   very   slight,   its    speed   will    not   be 
very   much   less   than   that   of  the    generator,    and   the    total  current    in 
the  circuit  will  be  but  small.    If  the  work  to  be  done  by  the  machine 
is  considerable,   it   will   slacken   its  speed,  and  also    h.ninish  its  opposing 
or  back  e  m.  f.,  causing  an  increase  of  the  current  in  the  circuit.     If  the 
work   required  is  greater  than   the   efficiency   of   the   motor  will   allow  it 
to  do    the   rotation   will    cease  altogether,  and  we  shall  have  a  repetition 
of   the   case  considered   above.     The    experiment    is    an    instructive   and 
simple  illustration  of  the  electrical  transmission  of  mechanical  power. 

The  above  experiments  prove  conclusively  that  the  continuous  current 
dynamo  is  a  reversible  machine,  and  therefore  it  may  be  inferred  that  any 
good  continuous  current  generator  can  also  be  used  as  an  electro-dynamic 
machine,  or,  more  briefly,  an  electric  motor.  As  a  general  principle  this 
is  true  ;  but,  apart  from  other  considerations,  to  which  we  shall  allude 
later  the  reversal  of  the  current  in  the  armature  somewhat  alters  the 
physical  conditions.  In  Fig.  564  the  motor  brushes  are  still  in  the  correct 
position  for  approximately  sparkless  reversal  in  a  generator,  but  the 
current  having  been  reversed,  the  armature  reactions  are  reversed,  and, 
according  to  our  previous  reasoning  {see  page  =04),  the  brushes  should 
now  be  placed  on  the  other  side  of  the  symmetrical  line,  where  they 
will  be  behind  instead  of  in  front  of  the  symmetrical  position.  In  other 
words  the  lead  of  the  brushes  in  a  generator  becomes  a  lag  of  the 
brushes  in  a  motor.  It  should  be  noted  that  the  current  in  the  belt  of 
conductors  between  the  dotted  lines  he  and  aii  (Fig.  562)  will  still  tend 
10  ,/,m„^>ie/ise  the  field  magnets.  This  fact,  as  we  shall  see  later,  has 
an  iini).>rtant  bearing  on  the  regulation  of  the  speed  in  certain  cases.  , 
To  fx.imine  this  important  point  a  little  further,  take  the  case  of  a 
shunt-wound  machine,  such  as  is  depicted  in  Fig.  565,  and  suppose  that 
lome  kind  of   generator   is    placed    in   the  "main  circuit,"   such  that  9 
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current  is  driven  r..un,l  tli.,t  u.cuit  in  llie  .liiLclr.m  in.lit.U«l  by  the 
arrows,  wl.al,  is  ..ppuMtc  to  tiic  .lircciioi.  i.i  which  tlic  current  would 
flow  If  the  shu.it  .nachinc  were  itself  ..ctin«  as  a  j-cieralor  (comp„re 
i-.'R.  SM).  It  will  be  seen  that  the  current  th.ouKh  the  tit-M-maKnot 
circuit  will  be  in  tlie  Mtnc  directi.Mi  as  tliat  shown  in  Fip.  4S4  whilst 
the  current  in  the  armature  will  \m:  reversed.  In  these  circumstances 
the   armature    will    rotate    i.i    a    clockwise    <li,ecti,.n    as    bclorc.   but    the 


ill    the    armature    being 
will    have   an    effect   on 


circuil' 

f\%.   s'  v—Amuitare    Remctioiu  ia 
a  Continuous  Current  Motor. 


dynamo  will  act  as  a  motor.  The  current 
reversed,  the  magnetic  field  due  to  this  current 
the  magnetic  field  set  up  by  the  field  magnets 
opposite  to  that  which  it  has  when  the 
dynamo  is  acting  as  a  generator.  In  the  latter 
case  the  efTect  is  such  as  to  rake  the  resultant 
field  round  in  the  direction  of  rotation  ;  there- 
fore in  the  case  of  the  mi.tnr  the  resultant 
held  is  raked  hackuuird,  and  to  minimise  spark- 
ing the  brushes  mu.st  be  set  back  as  shown 
in  the  figure,  or,  as  it  is  sometimes  said, 
given  a  hackivard  kad,  whereas  in  the  case  of 
a  generator  they  have  a  forward  lead.  We 
prefer  to  use  the  term  lag  instead  of  the  self- 
contradictory  expression  "backward  lead." 

Since  the  field  and  the  direction  of  rota- 
tion are  the  same  as  before,  the  k.  m.  k.  set 
up  is  in  the  same  direction  as  in  the  case 
Of  the  generator  (Fig.  564").  But  as  the 
current  in  the  armature  has  been  reversed,  this  h.  m.  k.  is  now  opposed 
to  that  current,  and  is  therefore  a  back  e.  m.  f.  in  accordance  with  the 
general  principle  already  enunciated. 

Modern  Motors  (early  forms).— Considering  the  space  we  have  already 
devoted  to  the  principles  underlying  the  construction  of  continuous  current 
dynamos,  and  the  numerous  descriptions  we  have  given  of  actual  machines. 
It  might  appear  to  be  superfluous  to  describe  specially  machines  designed  to 
run  as  motors  instead  of  as  generators.  But  it  must  be  remembered  that, 
althouf,  I  the  general  principles  governing  the  chief  lines  ot  the  design  are 
the  same,  an  electric  motor  has  frequently  to  be  used  under  conditions  very 
difTerent  from  those  of  a  generator,  and  the  usage  to  which  it  is  subjected  is 
often  rougher.  Moreover,  in  some  applications  of  electric  motors,  for 
mstance,  lor  electric  locomotion,  the  question  of  weight  assumes  a 
relatively  greater  importance  than  in  generators.  Amongst  the  minor 
points  of  difTerence  may  be  mentioned  the  greater  care  which  mu.st  be 
taken  with  the  lamination  of  the  iron  of  the  'nasnetic  cir-.uit  in  order 
to  avoid  eddy  currents,  and  that  special  attention  must  be  paid  to 
mechanical    arrangements  by   which    the   magnetic   drag  on    the  current- 
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carrying  wires  i.^  traii.-^iiiitlcil  to  tlii.  «lialt.  It  tlnis  liapptii^  lli.it  various 
iiiudificatixns  in  details  have  to  be-  intrdiluccil,  and  tlifrcforc  a  Inicf 
dcstriptii>n    ot    oiu'   or   tw<i    niaihincs    may   not    be    imintircstiiii;    lu-re. 

The   ImmiSCh    Motor.  — nuring   the   earlv   development    of  the    -iihjett 
many  guinJ  moiuri  lor  niiiiinj^  and  tratticin  work  were  eouolruelcd  by  the 


Fig.  56'  .—The  Immisch  Molor. 


General  RIeclric  Traction  Company  from  the  ilesigns  of  their  engineer,  Mr. 
A.  '1*.  Siull.  Tlie>e  motors  were  known  as  "  Immiseh"  nifitors,  the  earlier 
ones  of  this  type  liaving  t)eeii  I'lCsigned  by  Mr.  Moritz  Immiseh. 
Fig.  5»ib  gives  a  per.speclive  view,  and  F"ig.  s'>7  a  longitudinal  sec- 
tion, oiie-leiitli  ol  full  ^ize,  of  one  intended  to  give  8  horse-power  on  the  shaft 
at  1,400  revolutions  per  minute.  The  armature  was  Ving  wound,  and  its 
^    -^ :':'r-r^'F^t~^_^  core  consisted  of 
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f"is.  5tir.  — Longitudinal  SecTjon  of  the  ImmiscK  Motor. 


thin  iron  discs, 
with  thicker 
discs  at  intervals, 
the  latter  having 
projecting  teeth 
which  materially 
helped  to  keep 
t!ie    conducting 

wires  in  their  places.  The  commutator  was  peculiar,  being  divideii  into 
two  sections  with  the  alternate  bars  in  each.  As  the  brush  or  brushes 
slide  across  both  sections,  the  effect  is  to  short-circuit  for  an  .ippreciable 
part  of  a  revolution  the  coils  which  are  passing  ilirough  the  neutral 
positions.  It  is  claimed  that  this  device  diminished  the  tr<iublesome  effects 
due  to  cross  magnetisation,  ami  rendered  changes  of  lead  unnecessary.  The 
detain  o!  tiie  culilicetiotis  to  the  c:::nmu!ator  can  he  .-ccn  in  Fig.  567. 

An  excellent  method  was  employed  in  this  motor  for  transmitting  the 
acting  ti.rces  troiii  the  core   tiiM.s  to  the  shaft.     Two  gun-metal  tones // 
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U'lg-  5''^'  Wire  tliri.ulc.l  on  llu  ^!l.llI,  .iiid  lit;hilv  kiA,-.l  tn  |Mivint  tlu'in 
slippiiiK  roirn.l.  In  tlioc  k.ik-,  iIihc  i,,iu,l  j;,,„,vi>  vvif  .iil,  as  -Iimwii, 
120°  ..[..lit,  .mil  riiiivcl  tliric  -ini metal  l.n.luc  pine,  .,r  tl.iiints  /i 
with  pn.jivtini;  lujus  t..  ImM  the  voic  .li-..-,.  The  latter  heini;  in  thei. 
places,  it  the  nut  ii  he  now  tinhtenul  up,  tlie  hriil^e  pie.  e.  will  be 
forcc.l  outwards,  and  the  e..re  di>es  will  be  rij^idiy  o.iiiieai.l  t,.  the 
shaft    through    the    nuiliiini    <il    Uu-    biid^e    pieces. 

The  above  m..tor  wei^h.  d  .<5olhs.,  and  ha.l  an  ellieiiiKv  at  'nil  |..,i.!  ol 
8:  per  eent.  The  larger  motors  ul  lliis  type  had  drum  atm.itiites  and  a 
still  higher  elFiciencv.  Thus  the  .;o  horse  power  motor,  takiiii;  about  :o 
amperes  at  :oo  volts  and  weighing  1,870  lb>,  It.id  a  net  eHkieiuv  ol 
about  90  per  tent. 


Fir.  56*.     M.chaiiHral  (\,ni.,ct,.  M  ol  Core  Ih^c-  to  sluf.  ..\  the  Imuii~cl,  M.„,,r 


Tramcar  Motor.— To  emphasise  the  ^'eat  modiluatioii'^  whiili  the  cir- 
cumstaiiees  under  which  the  motor  has  to  be  used  mav  introduce  int,  the 
design,  we  give  in  Fig.  ^d^  an  illustration  of  a  type  ol  motor  nianulactuie<i 
in  1892  by  the  General  Electric  Company  ot  New  York,  ami  !.lr^e!y 
used  on  electric  tramcars.  The  motor  is  ol  50  h,>rM  power,  an.?  is 
shown  geared  to  the  axle  of  a  car.  It  is  of  "the  ironclad  tvi)e,  .ind 
so  completely  aic  the  armatme  and  field-magnet  coils  protected,  that 
water  may  be  poured  over  it,  or  it  may  be  run  through  water  up  to 
the  lower  side  of  the  bearings  without  any  injury.  The  armature, 
wl'i.h  is  about  20  inches  in  diameter  with  a  b  inch  face,  is  of  the 
usual  F'acinotti  ring  type,  there  being  64  giooves  with  14  windings 
i.\  tiiic';  ...rc  in  each.  Al  the  left  iiand  end  :i.  ann.iture  sliult 
caiTijs  a  pinion  whose  teeth  gear  into  a  larger  wluel  on  the  axle  of 
the  ru-  ,.ing  wheels.  n,,th  pinion  and  wheel  are  eiiclo-cd  In  a  du.st- 
aiid    waterproof   cas.'    partly    tilled    with     heasy    lubricating    oil.    in    which 
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they  work  noiselessly,  and  are  well  protected  from  the  grinding  action 
of  grit  and  dust  raised  by  the  rapidly  moving  car.  Carbon  brushes 
are  used,  which  are  fixed  in  stationary  brush-holders,  clamped  m  slots 
on  each  side  of  the  bearing  at  the  commutator  end,  and  which  can 
be  quickly  removed  for  inspection  or  renewal  of  the  brushes.  Such 
brushes  are  fiited  without  lead  or  lag,  and  allow  the  armature  to  be 
run   in   either  direction. 


Pig  jg^—rifly  Horw-power  Waterproof  Railway  Motor  (il9t). 

The  part  of  the  motor  which  differs  most  from  the  usual  generator 
type  is  the  field-magnet.  This  consists  of  two  rounded,  shell-shaped 
iron  castings,  hinged  together  at  the  back  or  axle  end,  and  firmly 
clamped  up,  when  the  molor  is  used,  by  four  steel  bolts  at  the  ♦^mnt 
and  back.  The  figure  shows  the  upper  half  of  the  magnet  turned  up 
on  the  hinges  so  as  to  show  the  interior.  The  brasses  of  the  axles 
are  held  in  position  between  the  two  castings,  and  can  be  easily 
replaced  wiien  worn  out.  In  the  interior  of  the  upper  casting  can  be 
seen  the  upper  pole-piece  projecting  dov.siwaids  so  as  to  encircle  the 
armature  when  the  casting  is  bolted  down.  There  is  only  one 
magnetising   coil,    which   is   slipped    over   this   upper    pole -piece,   and    is 
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thus  well  protected  from  mechanical  injury.  It  also,  being  unbalanced 
by  a  similar  coil  on  the  lower  pole-piece,  exerts  a  lifting  pull  on  the 
armature,  which  takes  a  considerable  portion  of  the  weight  ot  the 
latter  off  the  bearings  when  running  at  normal  load.  The  lower  pole- 
piece  consists  of  only  a  slight  inward  projection  from  the  lower  shelL 
Small  Electric  Motors. — The  range  of  power  for  wliich  electric 
motors  can  be  built  is  very  great ;  they  can  be  adapted  either  to  the 
heaviest  engineering  requirements  or  be  made  small  enough  to  do  the 
lightest  work.  We  shall  conclude  our  remarks  at  this  point  by 
describing   two  motors   which   have   been  widely   used   for   light    work. 


^'^S'  STik— GriKom'i  Motor. 


i'lg.  371- -Section. 


Griscom's  motor  in  Fig.  570  is  shown  working  a  sewing-machine. 
Fig.  571  gives  a  section  of  the  same.  The  shuttle  armature  a  a  is 
surrounded  by  the  tube-shaped  electro-magnet  E  e,  which  has  iu  poles 
at  N  and  s.  A  change  in  the  direction  of  the  current  is  brought 
about  by  the  split  ring  commutator  c  every  half-revolution.  The 
current  coming  from  the  battery  or  generator  u  passes  through  the 
contact  spring  /*,  and  the  left  commutator  segment,  into  the  coils  ot 
the  armature  ;  from  here  through  the  right-hand  commutator  segment, 
and  the  contact  spring  /,  into  the  coils  of  the  electro-magiicts  k  k, 
and  then  back  again  to  the  battery.  When  the  armature,  owing  to 
the  attraction  of  dis'iimiktr  and  repul'^i'^n  '>t  similar  magnetic  poles,  has 
reached  the  line  x  y,  the  current  is  reversed  in  it  by  the  action  of  the 
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commutator,  and  with  the  reversal  the  polarity  changes  and  causes  the 
armature  to  continue  its  rotation  in  the  same  direction,  (iriscom's  motor 
has  a  length  of  ahout  4  inches,  and  weighs  2-5  lbs.  A  bichromate  battery 
of  six  cells  may  be  useti  to  drive  it. 

Edison's  Electric  Pen. — The  smallest  electromotors  are  probably  those 
used  by  I'^dison  fur  the  electric  pen,  as  shown  in  Fig.  572.     The  pen  is  used 
to  pertorate  a  -sheet  of  paper,  which  can  be  employed  as  a  stencil-sheet  to 
print  from.     The  machine  is  vd  inch  high  and  o"8  inch  wide.     'C'lc'  electro- 
magnet   K  H   is    fi.xed    to    the 
frame   a  a  ;    k    is   a   little   fly- 
wheel, the  ends  of  whose  axle 
rest    in   b   and    </,   and    which 
rotates  immediately  before  the 
poles  of  the  electro-magnet  E. 
This   fly-wheel    carries   a   steel 
bar   magnet    «  s,  arranged    as 
shov.-n  in  the  figure.    The  com- 
mutator c  is  fastened  upon  the 
axle   b  d  m   such   a  way  that 
the   direction    of    the    current 
sent  through   the  coils  of  the 
electro-magnet  changes  twice  for  every  full  revolution  of  the 
wheel.     The  connection  between  the  coils  and  battery  wires 
is    made   by  means  of  clamps,  at        and  p'.      One   of   these 
clamps  is  connected  with  the  commutator  by  means  of  the 
sjiring  /,  and  its  position  can  be   regulated   by  the   screw   /. 
The   shaft   b  d  has  a   treadle-shaped   crank,  which  actuates 
the  end  of  the  rod  s  s,  causing  an  up-and-down  movement 
of  the  rod  when  the  shaft  rotates.     The  needle  N  is  fastened 
to  the  end  of  the  rod,  and  passes  through  a  lube  K,  which 
forms  the  pen-holdei,  and  can  be  screwed  to  the  frame  at  x y. 
When  a  current  passes  through  the  electro-magnet,  the  latter 
attracts  the  bar  magnet,  causing  the  wheel  to  turn  in  a  certain 
direction.     When  dissimilar  poles  stand  opposite  each  other, 
'  .   the  commutator  interrupts  the  current  in  the  electro-magnet. 

Ekii.ii;  Pen.  aiid  t.ie  wliccl  coutuiues  to  move  ;  the  commutator  agam  makes 
contact  and  the  currents  How  now  round  the  electro-magnet 
in  the  opposite  direction  ;  the  polarity  will  be  changed,  so  that  similar  poles 
— for  instance,  n  of  the  bar  magnet  and  N  of  the  electro-magnet — are 
near  each  other.  Kepulsion  will  take  place,  and  will  cau.se  the  wheel  to 
continue  its  rotation.  The  wheel  makes  65  revolutions  per  second,  during 
which  it  lifts  the  needle  up  and  down  130  times.  From  the  writing  thus 
produced  4,000  or  c.ooo  copie:  may  he  t.iken.  A  small  two-cell  bichromate 
battery   is  suiln.icni   to  supply  the  necessary  current. 
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m. — Kt.KMKNTARY    THKORY    OF    rONTIMOrs    ClIRRKNT    MOTORS. 

Upon  the  existence  and  nia^iiitiidc  of  the  back-electnunotivc  force 
above  referred  to  depends  the  c.ip.nity  <>f  any  fjiven  motor  to  enable  us 
to  utilise  electric  energy  that  is  sujipiied  to  it  in  the  form  of  an  electric 
current.  In  discussing  the  dynamo  as  a  generator,  we  have  pointed  out 
many  considerations,  the  observance  of  wliich  would  tend  to  improve 
the  efficiency  of  such  generators.  It  is  needless  to  say  that  many  of 
these  considerations  also  apply  to  motors.  The  elliciency  of  a  motor  in 
utilising  the  energy  of  a  current  depends  not  only  on  its  efficiency  in 
itself,  but  on  another  factor,  namely,  the  relation  between  the  electro- 
motive force  which  it  generates  when  rotating,  and  tlie  potential  ditTcrence 
at  which  the  current  is  supplied  to  it.  A  motor  which  itself  in  running 
generates  only  a  Imv  electromotive  force  cannot,  however  well  designed, 
be  an  efficient  or  economical  motor  when  supplied  with  currents  at  a  high 
potential-difTerence.  A  good  law-pressure  steam-engine  does  not  become 
more  "efficient"  by  being  supplied  with  high-prezsure  steam.  Nor  can 
a  liigh-pressure  steam-engine,  however  well  cons  ructed,  attain  a  high 
efficiency  when  worked  with  steam  at  low  pressure.  .Analogous  con- 
siderations apply  to  dynamos  used  as  motors.  T'  •"  must  be  supplied 
with  currents  at  pressures  for  which  tliey  are  c(-. 

The  Efficiency  of  Electric  Motors.— Tl 

good  motor  utilises   the   electric   energy  of  tin 

ratio  between  its  counter-electromotive  force  at. 

or  I'.  D.  of  the  current  which  is  supplied  to  it.     Wo  motor  ever  succeeds 

in    turning   into   useful    work    the   whole   of   the   energy   of    the   currents 

which  feed  it,  for  it  is  impossible  to  construct  machines  without  electrical 

or  mechanical    resistance,  and   whenever   there   is   such    resistance  part   of 

the  energy  of  the  current  is  w.isted  in  ohmic  and  frictional  heat. 

Let  us  consider  the  efficiency  of  a  serii's-wi.und  mutor  workeil  by  a 
current  from  mains  kept  at  a  constant  w  n.  Let  w  stand  for  the  wliole 
electric  energy  supplied  per  second  by  the  current,  and  let  xv  be  that 
part  of  the  power  which  the  motor  transforms  into  mechanical  work. 
The  diflTerence  between  these  quantities  is  the  equivalent  of  c'  k,  or  that 
part  of  the  poivr  of  the  current  c  which  is  wasted  in  usele^s  heating  of 
the  parts  of  the  circuit  where  there  is  electrical  resistance.  It  h  be  the 
measure  of  tliis  heat,  and  j  Joule's  mechanical  equivalent  of  a  unit  of 
heat,  then 

W  —  7r  =  n  J  =  c'  R 
a>  =  w  —  t:'K. 


■d. 

,cy   with    which    a 

.It    depends    on    the 

electromotive   force 


But  if  <?  be  the  p.  d.  at  the  terminals  of  the  motor,  w  =  ^c, 

'  —  E  .   ''"  —  K 

-  •       VV     —    rf 

K 


and  (   — 


\\  ^  a 
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w  = 


<g—  E  ((?  —  E)" 


K 

K 

<?E- 

E* 

K 

w 

= 

<?E- 
K 

E* 

-{- 

K 

JL). 

E 

back  F. 

M.  p. 

P.  D.  at  termii'als  of  motor. 

Since  w  =  g  c,  therefore  w  =  ec.  Again,  if  s  be  tiie  current  that 
would  flow  if  the  motor  were  not  allowed  to  rotate,  c  being  the  current 
when  the  motor  works,  we  have 


=  -  -  or  <?  =  s  R, 


c  = 


<?• 


or   E  =  ^—  CR  =  SR  —  CR. 


S  —  C 


Hence  the  efficiency  or  s-  =  -^-^ Ei.  _ 

^  e  SK  s     ' 

or  the  fail  of  strength  of  the  current  divided  by  the  original  current. 

From  which  it  appears  that  we  can  calculate  the  efficiency  at  which 
the  motor  is  working  by  observing  the  ratio  between  the  fall  in  the 
strength  of  the  current  and  the  original  strength,  a  law  of  efficiency 
which  has  been  known  for  many  years,  but  has  often  been  strangely 
misapprehended. 

The  Maximum  Activity  of  a  Motor.— Let  us  now  go  back  to  the 

equation 

w  =  ^  c  —  c*  R, 

and  ask  for  what  value  of  c  this  w  will  be  a  maximum. 

<?' 
By  adding  and  subtracting  — ,  we  may  write  the  equation  thu», 

4K 


= R   I    —  _  c    I 

4R  V  2H  J- 


The  last  term,  being  a  square,  is  always  positive,  whatever  c  may  be;  hence, 
w  will  be  greatest  when  the  term  to  be  subtracted  is  nought,  that  is  when 


c  = 


2K 


That  is  to  say,  the  mechanical  work  given  out  by  the  motor  is  a  maximum 
■when  the  motor  is  geared  to  run  at  such  a  speed  that  the  strength  of 
current  is  half  that  of  the  current  that  would  flow  if  the  motor  were  still. 
This  law  is  called  Jacobi's  law  of  ma.ximum  activity.  When  the  motor 
works  so  as  to  reduce  the  current  to  iialf, 
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since  c  = 


and  also  c  = 


<?-K 


2R 

and  —'„:   =    i  • 

But  we  have  proved  that  this  is  equal  to  the  efficiency ;  hence,  when  the 
motor  does  its  maximum  of  work  per  second  the  efficiency  is  50  per  cent. 

Relation  between  Electrical  and  Mechanical  Quantities.— So  tar 

we  have  dealt  only  with  the  electrical  components  of  the  energy  absorbed 
by  the  motor  ;  but  from  the  point  of  view  of 
the  user  the  mechanical  components  are,  perhaps, 
even  more  important.  Thus  the  electrical  power 
«/  absorbed  by  the  armature  is  transformed  into 
mechanical  power,  which  may  be  expressed  me- 
chanically as  the  product  of  the  torque  or  turning 
moment  exerted  on  the  material  of  the  armature 
and  the  angular  velocity  of  rotation.     Now  let 

T  =  the  torque  (in  mfgadyne-centimetres  x  /o), 

w  =  angular  velocity  (in  radians  per  second), 

n  =  number  of  revolutions  per  second  ; 

then  w  =  2  r  » 

and  «'  =  T»»  =  2ir«T 

if  we  assume  that  the  quantity  T  is  measured  at  q 

the  moment  of  conversion. 

But  since  w  =  k  c 

and  K  =  «  z  N  (see  page  5  1  ^  > 

we  have  2irwT  =  «ZNC 

■/.  N 
or  T  =  — r 

Since  7.  and  n  are  constants,  when  the  field  magnets  are  saturated,  this  shows 
that  111  a  series-wound  mol'ir  the  torque  is  pri,pnrtional  to  the  current  if  frictional 
or  heat  losses  be  neglected.  '.  nis  is  a  most  important  result,  for  series-wound 
motors  are  now  largely  used  on  constant  v.  u.  mains  for  electric  traction 
purposes.  We  have  already  seen  that  when  the  motor  is  moving  slowly 
the  current  is  large,  because  of  the  smallness  of  the  b.ick  H.  m.  v.  The  above 
result  shows  that  this  large  current  will  exert  a  correspondingly  1  irge  torque, 
which  is  just  what  is  wanted  when  the  car  is  getting  up  speed  at  starting. 
>  A  more  exact  relation  between  torque  and  current  is  given  by  the 
full-line  curve  of  Fig.  57.^,  for  which,  and  the  two  following  curves,  the 
writer  is  indebted  to  Dr.  S.  P.  Thompson.  In  this  curve  the  values  ot  the 
current  are  plotted  horizontally,  and  the  corresponding  values  of  the  torque 
vertically.     The  dotted  line  is  tangential  to  the  curve  at  infinity. 


V^i-  S7J- .-Relation  betwKOI 
Turque  auti  Current. 
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'■'"K-  574.-  Mfrh;(iiical  O'-uit  teiuuw»  of 
a  Seitcs  Mutur. 


Mechanical   Characteristics.— Wc   do   not   propose  to  pursue  the 

aiialybis  lurthcr  here,  hut  just  as  wc  have  given  (see  pa^c  511)  curves  lor 
dynamos  showiiji;  tlie  connection  between  the  electrical  quantities,  voltage, 
and  current,  which  we  have  called  characteristics,  so  we  may  draw  curves 
for  motors  to  show  the  connection  between  the  mechanical  quantities, 
speed,  and  torque.  Such  curves  we  may  call,  by  analogy,  mechanical 
characterhiics. 

^  Figs.  574  and  575  are  drawn  the  mechanical  characteristics  for  a  series 
ttW  and  a   shunt  motor   respectively.      In 

both  figures  two  curves  are  given  for 

two  different  conditions  of  supply,  viz., 

constant  i'.  n.  ((?)  and  constant  current  c. 

V       t;  With  a  supply  at  constant  pressure 

the  series  motor  (Fig.  574)  has  at  low 
speeds  a  large  torque,  which  dimin- 
ishes at  first  slowly,  and  then  with 
increasing  rapidity  as  the  speed  i.ses. 
_  On  the  other  hand,  under  the  same 
T  conditions,  a  shunt  motor  (Fig.  517c) 
runs  at  an  almost  constant  speed,  but 
rather  more  slowly  at  large  torques 
(which,  in  this  case,  means  heavy  loads) 
than  at  small  ones. 

Supplied  with  a  constant   current, 

•  on  the  other  hand,  a  series  motor  (Fig. 

574)  will    run  with  a  constant   torque 

•  —     a'  all  loads,  the  speed  increasing  with 

'-"'•srANT^  --  the  load.  Under  similar  circumstances 
a  shunt  motor  has  a  curious  charac- 
teristic curve  (Fig  575).  At  liigh 
speeds  the  torque  is  nearly  constant, 
showing  a  tendency,  however,  to 
diminish  at  very  high  speeds.  At  low 
speeds  the  torque  and  speed  diminish 
togetlier,  though  rot  proportionally. 

Distinction  between  the  most  Economical  and  the  most  Rapid 

Rate. --It   the  I'.u.   ot    the  supply  be  ,7  volts,   and   the  counter  K.  m  v     of 
a    uries  motor    be  H  volts,  c  being    the   current,   then,  as  we  have   seen 
Wc  have  the  following  simple  relations: ' 

(1)  The  energy  taken  from  the  supply  circuit  =  c  *. 

(2)  The  energy  absorbed  by  the  motor  =  c  K. 

(3)  The  ethciency  of  the  motor  —     ^    • 


• '«■  57J.— Mechanical  Cluracterlslics  of     T 
■  Shunt  Motor, 


H.W^   ^ 
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(4)  The  current  c  =  — 

(5)  The  work  per  sec.  w  =  ti*  = 

(6)  The  torque  T  =  (*  c  where  u 


f  c  —  cf  tt. 

/N 


The  second  of  these  equations  sliows  that  the  in.ixiinuin  nieiliaiiii  ,il 
work  per  second  that  can  be  given  o>it  by  tlii>  tlcitric  motor  is  equal  t. 
the  product  of  the  current  into  the  back  K.  M.  k.  ThLTc  .itc  two  waj>, 
therefore,  of  altering  the  work  per  second  given  out  by  an  electric 
motor.  We  may  either  increase  the  current  or  iiicre.ise  tiiis  back  K.  m.  k. 
Let  us  consider  the  first  case  :  We  shall  double  the  current,  and  at  the 
same  time  keep  the  p.  d.  of  the  battery  the  same.  To  do  this  we  sli.ill 
have  to  let  the  electric  motor  run  at  such  a  diminished  speed  that  the 
difference  between  the  r.  i).  of  the  mains  and  the  back  k.  m.  k.  of  the 
electric  motor  is  double  what  it  was  before.  Although,  therefore,  we 
have  doubled  the  current  and  the  energy  furnislied  by  the  m.iiiis,  we 
have  not  doubled  the  energy  given  out  by  the  motor.  Where  is  the 
additional  energy  lost?  The  answer  is  obvious,  since  as  the  w.i  of 
power  in  the  production  of  heat  in  the  wires  is  proportional  to  the 
square  of  the  current,  four  times  as  much  power  will  he  w.isted  as  in 
the  previous  case.  Consequently,  inci casing  the  current  is  a  ruinous  w.iy 
of  increasing  the  useful  energy  transformed. 

Now  take  the  other  case.  Let  us  double  the  p.  d.  of  the  mains, 
and  run  the  motor  at  such  an  increased  speed  that  the  current  remains 
constant;  to  dt)  this  we  must  more  than  double  the  back  k.  m.f.  of 
the  motor.  For  as  (?  becomes  2  S,  z  must  Ivcoiue  (*  -f-  e),  tli.it  the 
diflference  may  be  unaltered.  The  energy  now  furnished  by  the  mains 
will  be  double  what  it  was  before,  the  energy  given  out  by  ttie  motor 
more  than  double  what  it  was  before,  and  the  energy  wasted  in  heat- 
ing the  conductors  will  be  the  same  as  before. 

Consequently  we  conclude  that,  as  far  as  the  motors  are  coiueined, 
the  most  efTicient  way  to  transtnit  energy  electricallv  is  to  use  a 
generator  producing  a  high  e.  M.K.,  and  a  motor  proilucing  a  high 
counter  E.  M.  F.  We  thus  arrive  on  different  groLimls  .il  a  result 
previously   obtained   (sre   page  57,?). 

When  a  motor  is  worked  from  constant  p.  d.  mains,  the  above 
equations  lead  us  to  the  result  that  if  we  wish  to  produce  the  work 
most  ecouomically  we  must,  by  diminishing  the  lo.ul  on  the  motor, 
allow  its  speed  to  increase  until  the  reverse  v..  m.  v.  it  p'odiKcs  is 
only  a  little  smaller  than  the  p.  n.  of  the  mains.  When  this  is  the 
case,  the  current  is  very  small,  and  the  activity  ot  the  motor,  or  the 
work  it  produces  in  a  given  time,  is  comparativtiv  small.  If,  on  the 
other  hand,  we  desire  the  motor  to  do  work  most  i/zucA/v,  then  we 
see  that   we  ought  to  put  such  a  load  on  the   motor   that  its  speed  will 
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set  up  a  back  k.  m.  f.  equal  to  lialf  the  p.  n.  of  the  mains.  The 
efficiency  is  then  about  one-half ;  that  is,  half  the  energy  is  wasted  in  heal. 
The  diflTerence  between  these  two  considerations  of  maximum  values, 
namely,  how  to  obtain  work  woj/  quickly,  or  how  to  transmit  work 
most  economically,  must  carefully  be  borne  in  mind  in  deciding  what 
speed  should  be  given  to  a  motor  in  any  given  case.  Jacobi's  law 
concerning  the  maximum  work  of  an  electric  motor,  supplied  with 
currents  from  a  source  of  given  pressure,  refers  to  the  former.  The 
mechanical  work  given  out  by  a  motor  is  a  maximum  when  the  motor 
is  gcifed  to  run  at  such  a  speed  that  the  current  is  reduced  to  half 
the  strength  that  it  would  have  if  the  motor  were  stopped.  In 
these  circumstances  only  half  the  energy  furnished  by  the  external 
source  is  utilised,  the  other  half  being  wasted  in  heating  the  circuit 
Jacobi's  law  does  not,  however,  state  that  no  motor,  however  perfect 
in  itself,  can  convert  more  than  50  per  cent,  of  the  electric  energy 
supplied  to  it  into  actual  work.  Hence,  when  activity  without  regard 
to  economy  is  the  main  consideration,  Jacobi's  law  must  be  applied  ; 
but   when   economy   has   also   to   be  considered,   this  law  does  not  apply. 

In  this  case    -^  must  be  as  large  as  possible.      If,  therefore,  much   power 

is  to  be  transmitted,  S  and  k  must  both  be  large.  In  other  words,  it  is 
an  economy  to  work  at  high  pressures.  The  importance  of  this  matter 
cannot  be  overrated. 

IV. — MONO-PHASE    ALTERNATE     CURRENT    MOTORS. 

An  alternator  generating  alternate  currents,  whether  mono-  or  poly- 
phase, is  not  reversible  in  the  same  sense  as  a  continuous-current  dynamo  ; 
that  is,  if  supplied  only  with  currents  similar  to  those  which  it  generates, 
it  would  not  run  as  a  motor.  This  is  due,  in  the  first  place,  to  the 
fact  that  it  is  not  a  self-exciting  machine,  and  that  in  order  to  act  as 
a  generator  its  field  magnets  must  be  excited  by  a  continuous  current. 

But  even  if  we  arrange  to  excite  the  field  magnets  separately  by 
any  of  the  methods  used,  when  the  machine  acts  as  a  generator,  another 
difficulty  presents  itself  when  we  attempt  to  run  it  as  a  motor.  On 
passing  the  alternate  current  into  the  armature  coils,  these  coils  will 
rapidly  change  their  polarities  at  a  rate  depending  on  the  periodicity 
of  the  current  supplied.  Between  such  rapidly  changing  poles  and  the 
fixed  poles  of  the  field  magnets  there  can  be  no  mechanical  action 
tending  to  set  the  armature  in  rotation.  If,  however,  the  armature  be 
already  in  rotation  and  at  such  a  speed  that  the  polarities  of  the 
armature  magnets  change  when  they  are  in  positions  to  be  efTectively 
acted  upon  by  the  fixed  poles  of  the  field  magnets,  the  rotation  will 
be   maintained,   and   work    may  be   done   by   the   rotating   armature. 

From  this  we  draw  two  deductions  : — firstly,  that  such  a  machme 
I    inot  be  self-starting  as  a  motor,  but   must  be  run  up  somehow  to  the 
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speed  at  which  the  above  condition  is  fulfilled  ;  and,  secondly,  when 
once  the  machine  has  fallen,  as  it  were,  into  step  and  the  motor 
action  has  commenced,  it  will  run  always  at  the  nnr  sptni,  which  ensures 
that  the  changes  of  polarity  in  the  armature  shall  always  be  made  at 
the  right  moment.  Such  a  motor  is  known  as  a  synchronous  motor, 
and  the  one  speed  at  which  it  can  run  is  fixed  by  the  periodicity 
of  the  alternate  current  and  the  number  of  poles  on  the  motor.  Thus 
a  generator  having  10  poles  (alternately  n  and  s)  on  its  field  magnets, 
if  supplied  with  a  current  of  the  proper  voltage  having  100  «\  *  per 
second,  would  fall  into  step  as  a  motor  if  speeded  up  to  1,200  revolutions 
per  minute  (20  per  second),  and  would  continue  to  run  at  this  speed 
until  overloaded,  when  it  would  stop  dead,  and  could  not  start  again 
of  its  own  accord,  although  still  supplied  with  current.  The  speed 
named  is  that  which  allows  five  complete  alternations  of  current  in 
one  revolution.  At  this  speed  back  e.  m.  f.'s  would  be  set  up  (of  the 
proper  periodicity  and  pliase),  which  would  enable  the  motor  to  absorb 
power  from  the  driving  current. 

We  have  seen  that  the  ordinary  continuous  current  dynamo  is 
reversible,  and  can  be  run  as  a  motor  when  supplied  with  continuous 
currents  from  an  external  source.  If  the  currents  in  the  field  magnets 
and  armature  are  in  the  same  direction  as  when  the  machine  is  used 
as  a  generator  the  direction  of  rotation  will  be  reversed,  but  if  the 
connections  be  arranged  sc  that  the  current  in  one  only,  for  instance 
the  armature,  be  reversed,  then  the  machine  will  run  round  in  the  same 
direction  as  before.  Suppose  now  that  with  the  machine  properly 
arranged  to  run  as  a  motor  the  driving  current  be  suddenly  reversed. 
This  will  reverse  the  current  in  both  the  armature  and  the  field 
magnets,  and  therefore  the  direction  of  rotation  will  remain  unchanged. 
From  this  we  should  be  inclined  to  infer  that  the  machine  when  fed 
with  alternate  currents  would  still  act  as  a  self-starting  motor.  So 
far  as  the  main  principle  is  concerned  the  inference  is  correct,  but 
unfortunately  with  large  machines  the  enormous  inductance,  especially 
of  the  field-magnet  circuit,  introduces  complications  which  are  fatal  in 
practice.  The  difficulty  may  be  partly  diminished  by  laminating  the 
iron  of  the  field  magnet  so  that  "eddy"  currents,  which  tend  to  delay 
the  change  of  the  magnetic  flux,  cannot  be  formed.  But  the  in- 
ductance still  remains,  introducing  phase  complications  and  vicious 
sparking  at  the  brushes,  under  which  the  commutator  rapidly  deteriorates. 
The  practical  result  was  that,  until  rcccntl;  ,  only  small  continuous- 
current  motors  could  be  run  with  alternate  currents,  and  they  had  their 
field-magnet  iron  laminated.  The  lower  the  periodicity  of  the  alternate 
currents  the  easier  is  it  to  use  them  in  this  way. 

•  The  symbol  «V  is  used  to  denote  one  complete  period  per  second,  lo  tbitt   100  *>; 
means  ico  periods  per  second. 
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A  motor  of  this  type,  dcsiRned  by  Kt-ehniewski,  and  built  in  !■,  ,„ce 
in  1888,  is  shown  in  Fig.  576.  It  was  like  an  ordinary  continuous- 
current  motor,  with  the  exception  that  the  core  of  its  field  magnet 
war  built  up  from  sheet-iron  stampings,  and  was  therefore  l.iminated. 
The  armature  was  8  inches  in  diameter,  and  was  intended  to  run  at 
1,400  revolutions  per  minute  when  supplied  with  a  single-phase  alternate 
current  of  100  amps,  at  11?  volts.  When  running  thus  as  an  alternate- 
current  motor  it  sparked  furiously. 

Returning   now   to  the  reversed   alternate-current  generator,   in  order 


li>!-  576.— Knhiiitwski  •,  Muno|.hase  Alteniate-currc nt  .Motor  :iM3) 


to  ensure  that  the  motor  action  shall  be  continuous  it  is  necessary 
and  sufficient  that  the  magnetic  fluxes  in  the  moving  and  fixed  parts 
should  always  be  such  as  to  produce  stresses  tending  to  maintain  the 
rotation  of  the  former.  In  the  reversed  alternate-current  generator 
this  IS  automatically  accomplished  only  at  one  definite  speed  and  the 
motor  ,s  therefore  not  self-starting.  If,  however,  we  arrange  that  at 
definite  positions  of  the  rotating  part  the  connections  between  it  and 
the  fixed  part  are  reversed,  we  obtain  a  machine  which  .^t  all  speeds 
(apart  from  disturbances  due  to  inductance)  will  act  as  a  motor 
whatever  the   direction   of  the   current    supplied.      This   is    the   principle 
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I'K-  177- —Gam  ft  Co.'i  Monsphuc  Motor. 

of  the  single-phase  motor  shown  in  Fig.  577,  as  built  by  Messri. 
Ganz  &  Co.  In  this  machine,  which  is  multi- 
polar, the  armature  coil,  are  fixt\l  whilst  the 
field  magnet  coils  revolve,  carrying  round  with 
them  a  commutator  for  reversMig  the  connec- 
tions in  the  manner  referred  to.  A  diagram  of 
the  electrical  connections  is  given  in  Fig  57:1, 
in  which  i.  r.  are  the  main  conductors  hriuging 
the  alternate  currents  to  the  motor.  The  arma- 
ture A  is  joined  directly  to  these  leads,  but  to 
reach  the  field  m.ignets  m  the  current  has  to 
pass  through  the  brushes  n.  tt,  and  the  com- 
mutator c.  In  the  diagram  the  :iltcrnate  sectors 
are  marked  differently  to  indicate  that  :i!l  the 
shaded  sectors  are  connected  to  end  .\..-.  \  lA 
the  magnetising  circuit,  and  all  the  others  to 
end    No     z.      As,    therefore,    the    commutator 
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rotates,  the  relative  direction  of  the  currents  in  a  and  m  is  changed 
whenever  the  bruslie^  pass  the  divisions  between  the  sectors.  Hut  the 
magntts  rotate  with  the  commutator,  and  it  is  therefore  easy  to  arrange 
that  tlie  thange  sliall  be  made  at  tlie  moment  when  the  motor  a  tion 
of  the  magnetic  stresses  is  just  about   to  cease  and  be  reversi  d. 

It  follows  that,  except  at  tlu;  synchronising  specil,  llu  connections 
of  M  are  diangcd  most  Ire.piently  when  tlarc  is  a  tairly  large  current 
flowing,  and  therefore  that  vicious  spaiks  will  appear  at  llic  brushes 
on  aciuunt  of  the  large  induction  of  the  magnets.  To  kdl  these 
sparks  double  brushes  arc  used  on  eacli  side,  as  can  be  seen  in  Fig.  577. 
They  are  shown  diagrammatically  (U,  it.  and  ii^  H.)  in  Fig.  S79-  These 
brushes  short-circuit  the  magnet  coils  for  a  brief  period  at  the  moment 
of  changing  over,  and  the  energy  of  the  magnetic  field  is  changed  into 
heat  in  the  short-circuited  circuit. 

Before    switching    on   the    current    the    motor    should    be    given    an 
impulse  in  the  right  direction,  for  otherwise  it  may  start  to  run  the  wrong 
way  and  run  against  its  brushes.     When  once  started 
9       the    speed  will    accelerate   rapidly   until   it   falls    into 
'  synchronism  with  the  supply  current,  and  this  sj-jed 
may    be    regarded    as    ;he    posiiion   of    equilibrium. 
If  disturbed    the    motor   tends    to   ret  •'  ■    to    it,  for 
at    this    speed    it    can    absorb   energy    most    readily 
from  the  supply.     The  machine  is  therefore  a  se//- 
stiirlinj^  sYUchr'niitus  mn/nr. 

Induction  Motors.  -A  large  number  of  mono- 
phase motors  depend  upon  the  interaction  be'.een  the  currents  supplied 
and  other  cui  rents  produced  from  these  by  induction.  Many  of  these 
motors  employ,  either  for  starting  or  running,  rotating  magnetic  fidds, 
which  are  a  marked  feature  of  poiy-phase  motors,  in  connection  will. 
which  they  are  most  readily  explained.  We  shall,  therefore,  now  deal 
with  poly  phase  motors,  and  return  later  on  to  the  mono-phase  class. 

V. ALTKRNATE  CURRENT  INDUCTtON  MOTORS. 

Poly-phase  Motors.— One  of  the  chief  causes  which  led  to  the  rapid 
development  of  the  use  of  poly-phase  currents  for  the  transmission  of  power 
over  long  distances  was  the  possibility  of  building  self-starting  motors  which, 
as  transformers  of  electric  into  mechanical  energy,  were  quite  able  to 
challenge  the  existing  continuous  current  motors.  We  have  seen  that 
alternate  current  transrnissioa  in  itself  has  certain  advantages  over  con- 
tinuous current  transmission,  notably  in  the  possibility  of  using  higher 
.'oltagcs,  and  when  the  motor  difficulty  was  satisfactorily  overcome  wn!i 
two-  .Hid  ihrce-pli.i.c  cunents,  pr--srcs-  was  ^-.on  recorded. 

Rotating  Magnetic  Fields.— The  chief  dtaraaeristic  of  these  motors 
is  that  instead  of  employing  a  magnetic  field  fixed  in  position,  as  in  the 
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•\-  and  iiicrtasinj;,  the  resultant  is  tlie  thick,  line  sloping  at  45*  upwards 
to  the  right  ;  at  instant  ?  the  vertical  flux  is  zero,  and  the  horizontal  is 
at  its  -|-  maximum;  and  similarly  for  the  other  diagrams.  Thus  at 
instant  8  the  vertical  flux  is  -|-  and  increasing,  whilst  the  horizontal  is 
—  and  decreasing,  the  resultant  is  the  thick  line  sloping  at  45°  upwards  to 
the  left.  At  points  2,  4,  6,  and  «  the  increasing  fluxes  are  denoted  by  full 
and  the  decreasing  by  dotted  lines.  The  laminated  iron  of  the  ring  is  indi- 
cated by  the  circles,  and  the  result  is  that  at  the  instants  chosen  the  flux 
across  the  plane  of  the  ring  is  directed  inwards  from  the  points  i,  2,  3, 4,  etc., 
on  the  inner  periphery  of  the  iron.  There  will,  therefore,  appear  successively 
at  these  points  cfl'ective  .  jrlh  poles,  the  corresponding  south  poles  being 

simultaneously    developed    at 
the  points  diametrically  oppo- 
site.    These  poles  travel  con- 
tinuously from  one  position  to 
the   next,   and   thus  we   have 
the  magnetic   flux   across   the 
plane    of    the    ring    swinging 
round  and   round,  completing 
a  revolution  without  change  of 
intensity  during   the   periodic 
time  of  the  alternate  currents. 
The  rotation  of  the  poles 
which  we  have  shown  in  detail 
takesplace  in  the  ring  surround- 
ed by  the  four  coils  of  Fig.  580, 
when    supplied   with   di-phase 
currents,  but  can   also  be  ac- 
complished with  coils  diflferently 
arranged    and    supplied    with 
cither   tri-phase  or    di-phase  currents.      Some  typical  cases  are  shown  in 
Fig,.  5S2  to  585.     In  Fig.  5.H2  we  have  three  coils  on  the  ring  connected 
"star"  fashion  {see  page  54'»),  that  is,  one  end  of  each  coil  is  joined  to  a 
common    junction   j,   and   the   other  end   connected   to   one   of    the   line 
wires.      If  fed  with  three  phase  currents  this  ring  will  produce  a  rotating 
field  which  will  be  strongest  in  the  enclosed  space,  especially  if  that  space 
contains    iron.     In   Fig.  5H3    the   ring   is  overwound   continuously,  like   a 
Gramme   ring,  and  connections  are  brought  out  at  three  equidistant  points 
120°  apart.     This  is  an  ctample  of  "mesh"  connection,  and  will  also  pro- 
duce a  rotatory  magnetic  field  with  tri-phase  currents.     Figs.  584  and  585 
are  similar  to  Figs.  5H2   and  5.S3  respectively,  e.KCcpt  that  they   show  four 
toils   lor   di-phase   currents    instead   of    »hree   coils   for   tri-phase   currents. 
There  is  no  tri-phase  analogue  to  Fig.  580. 

Multi-polar  Rolalhig-FLelds.— The  rot  iting  fields  so  far  described  are 


Fig.  381. — Production  of  ■  Rotating  Magnetic  Flux. 
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«11  bipolar,  there  bciiiR  ii  every  instant  a  n  pule  and  a  s  pole  at  opposite 
sides  of  the  ring.  Even  with  low  pciiodicities  of  the  alternate  currents  this 
leads  to  a  very  rapid  n  :atii)ii  of  the  ficiil,  for  it  makes  one  complete  rotation 
in  the  periodic  time  of  the  current.     Thus  when  the  peiiodicity  is  as  low 
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I'iK  381.— Tri-phu*  Rotuing- Field  MaKn<  1 
"Star"  Connectfd. 


V\(,  .'iSj.-Tri-pkaK  RotatlfiK-FicM  MaciMl, 
•*  Mesh  "  Connecteil, 


I'll.'.  '^04.— Di-phue  RotaiinK'Field  Magnet, 
"SUr"  Cunneilril, 


I  ii;  58j.-niphaw  RolatinK  FirW  Magnet, 
"  Mesh  ■'  t  "onnet  led. 


as  25  %  per  second,  the  field  rotates  with  an  angular  veluciiy  of  25 
revolutions  per  second,  or  1,500  per  minute.  At  a  periodicity  of  100  the 
angular  velocity  is  6,000  revolutions  per  minute.  We  shall  see  presently 
that  the  speed  of  the  motor,  though  not  quite  so  great  as  the  angular 
velocity  of  the  field,  apprci.ximates  very  closely  to  it,  the  "  slip"  between  the 
two,  that  is  their  difference  in  angular  velocity,  often  being  not  more 
than   5   per  cent.     For  most  mechanical  purposes  the  above  speeds  ar? 
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too  high,  and  wc  tlicrefote  icquiic  fields  rotating  with  much  lower  angulai 
velocities.  Tesia  perceived  this  during  his  early  work,  and  theretore 
designed  machines  witii  multi-polar  fields,  in  which  the  speed  of  rotation  is 
diminished  proportionately  with  the  increase  in  the  number  of  pairs  of  poles. 
How  such  multi-polar  rotating-ficlds  can  be  produced  is  shown  diagram- 
matically  in  Fig.  5Sr).  Here  the  windings  on  the  laminated  iron  ring 
are  divided  into  twelve  sections,  which  are  connected  in  three  groups, 
A,  B,  and  c,  of  four  sections  each,  the  sections  in  each  group  being  evenly 

piai-cd  round  the  ring 
with  the  sections  of 
the  two  other  groups 
£1  between  them.  One 
end  of  each  group  is 
to  be  connected  to  the 
line  wire  and  the  other 
end  to  the  common 
junction  j,  from  which 
it  follows  that  the  wind- 
ing given  is  an  example 
o'  "  star  "  w  inding  i^see 
page  549).  VV'th  tri- 
phase  currents  the  wind- 
ing will  give  at  every 
inbtant  four  N  poles  and 
four  s  poles  round  the 
ring, and  in  actual  work- 
ing these  poles  will  be 
on  the  inner  periphery 
because  of  the  presence 
of  an  inner  ring  or 
cylinder  of  good  mag- 
netic iron  placed,  with 
the  requisite  clearance  to  allow  of  rotation,  as  close  as  is  mechanically 
possible  to  the  outer  ring.  K.ich  one  of  these  eight  poles  will  make  a 
complete  revolution  round  the  ring  in  four  times  the  periodic  time  of  the 
alternate  currents  supplied.  Thus,  if  the  supply  current  has  50  %  per  second, 
a  complete  revolution  of  the  f.eld  will  take  place  in  O'oS  (=  5*5)  of  a  second, 
which  corres])onds  to  an  angular  wlocity  of  750  revolutions  per  minute  ii' 
place  of  3,000  revolutions  per  minute,  which  would  be  the  angular  velocity 
with  a  hi-polar  field  at  this  peiimli.  it\. 

Similarly  a  ^l'nlinuclu^ly  wound  (Maniine  ring  tapped  at  twelve  pt)ints, 
joined  in  three  groups  ot  lour  each  to  the  supply  mains,  would  give  an  eight- 
pole  rotatory-field.  In  this  case  the  grouping  would  be  a  "mesh  ''  grouping, 
with  each  side  of  the  mesh  formed  of  four  coils  in  p^:  allel. 


l-ig.  5.-6.— Production  of  ■  Multipolar  Rotating  Field  with 
Tri-phase  Currents. 
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It  will  not  be  necessary  to  multiply  examples  further,  but  the  itadcr 
might  find  it  of  interest  to  work  out  on  paper  diagrams  of  multi-polar 
arrangements  analogous  to  the  bi-poiar  arrangements  .>f  Figs,  s"*-'  to  5H5. 

Instead  of  winding  the  coils  on  the  ring,  the  latter  may  be  used  as 
a  yoke,  and  the  coils  wound  on  polar  projections  extending  inwards- 
In  these  cases  the  rotation  of  the  field  will  be  more  jerky  than  in  the 
overwound  ring  examples.  If  the  reader  will  work  out  a  few  simple 
cases,  he  will  find  that  frequently  two  n  poles  would  follow  two  s  poles, 
and  that  the  transfer  of  the  flux  from  one  pole  to  the  next  must  take  place 
in  a  series  of  jumps. 

Rotatingf-Fleld  Motors.— We  have  next  to  show  how  the  rotating- 
fields,  as  above  produced,  can  be  used  for  motor  purposes.  Returning  to 
''iT-  5^'»  let  us  suppose  that  a 
permanent  steel  bar  magnet  n  s 
(Fig.  5S7)  is  pivoted  so  as  to 
be  free  to  rotate  in  the  space 
within  the  ring.  The  magn  i 
will  revolve  if  the  rotatio... 
of  the  field  only  start  slowly 
enough  to  allow  ii  to  pick  up 
speed.  With  rapid  rotations  of, 
gay,  'o  or  100  per  second,  it  S 
would  be  impossible  for  the 
magnet  to  fall  into  step, 
though  rotation  might  be 
produced  at  lower  periodicities. 
or  with  more  slowly  rotating 
fields,  if  the  magnet  were  given 
a  vigorou.!  impulse  to  start  with. 
The  arrangement,  however, 
could  not  be  self-starting,  and 
is    open   to    other    objections. 

We  now  return  to  an  experiment  previously  described,  that  of  "  Arago's 
Rotations"  {see  page  42;)  In  this  experiment  a  horizontal  copper  disc 
rotating  below  a  bar  mag,  'Jt  pivoted  above  the  disc  on  a  point  on  the  axis  of 
the  disc  is  dragged  round  in  the  direction  of  the  motion  of  the  disc,  and  if 
this  motion  is  only  sufficiently  rapid  the  bar  magnet  can  be  made  to  spin. 
In  connection  with  this  refer  to  the  Faraday  disc  dynamo  {see  page  482), 
and  note  that  the  rotation  of  the  disc  between  the  poles  of  the  magnet 
causes  a  radial  E.  M.  f.  in  the  disc,  and  that  by  completing  the  circuit 
throUj'jh  sliding  contacts  on  the  axle  and  the  periphery  a  continuous  current 
can  be  obtained.  What,  however,  will  happen  if  the  sliding  contacts  are 
removed  ?  The  radial  E.  M.  F.  will  still  be  produced  under  the  magnet  poles, 
and  since  there  are  low  resistance  return  paths  through  the  mass  of  the  copper 


)'>)!   5B7.— Mai^nct  Kola^cd  by  a  Relating  Field. 
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which  is  not  in  the  inagiittic  field,  and  in  which,  therefore,  there  is  no 
K.  M.  K.,  swirls  or  eddies  of  current  will  flow  radially  outwards  or  inwards 
under  the  poles,  their  circuits  being  completed  in  curved  paths  through 
the  ni., -b  of  the  copper  on  either  side.  These  current  eddies  will  producA 
their  appropriate  magnetic  effects. 

In  the  experiment  on  Arago's  rotations  we  have  similar  efTects, 
pUhough  the  magnetic  poles  are  only  on  one  side  of  the  disc.  Thus 
under  the  N  pole  (supposed  fixed  for  a  moment)  we  have  generated 
E.  M.  F.'s  directed  radially  outwards  if  the  rotation  of  the  disc  be  clock- 
wise. The  resulting  current  as  it  approaches  the  edge  of  the  disc 
spreads  out  right  and  left,  and  returns  back  towards  the  centre  in  curved 
loops  (Fig.  588V  The  eddy  behind  the  pole  produces  an  upward  flux, 
and  that  in  front  of  the  pole  a  downward  flux,  and  the  pole  is  repelled 

by  the  former  and  attracted  by 
the  (utter.  The  pole,  there- 
fore, tends  to  rotate  in  a  clock- 
wise direction,  and  if  set  free 
to  move  will  follow  the  disc 
round.  Similar  actions  tending 
to  rotate  the  magnet  in  the 
same  direction  occur  at  the  S 
pole. 

The  interest  for  our  present 
purpose  in  these  experiments 
lies  in  the  fact  that,  since  action 
and  reaction  are  equal  and 
opposite,  if  we  rotate  the 
magnet  and  remove  all  .onstraint  from  the  copper  disc  so  that  it  is 
free  to  move,  we  should  expect  the  copper  disc  to  follow  the  revolving 
magnet  round  through  the  action  of  the  edd,  currents  set  up  in  the  disc. 
The  experiment  was  made  by  Herschel  and  Babbage  in  1825,  and  gave 
the  result  expected. 

Apply  this  to  one  of  our  rotating-fields,  and  suppose  that  the  poles 
are  sweeping  round  on  the  inner  periphery  of  the  flat  ring  a  h  m 
Fig.  589,  an  enlarged  section  of  which  is  shown  in  Fig.  590.  This  ring 
may  be  rei;arded  as  overwound  with  circuits  and  supplied  with  currents 
in  the  same  way  as  the  ring  in  Fig.  586.  With  rotating  poles  so  pro- 
duced we  should  naturally  substitute  a  thin  copper  cylinder  c  c  as 
shown  in  the  figure,  lor  the  Arago  disc.  With,  say,  a  N  pole  sweeping 
round  clockwise  in  front  of  this  cylinder,  like  the  magnet  n  pole  in 
Herschel  and  Rabbage's  experiment,  we  shall  obtain  a  clockwise  rotation 
of  the  cylinder  owing  to  the  interaction  of  the  magnetic  fiux  due  to 
the  induced  currents  in  the  copper  cylinder,  and  the  rotating  flux 
due  to  the  currents  in  the  outer  ring.      By  the  rotation  of  the  cylinder 


i'lfi-  ^S^— Explanation  of  Arago's  Rotationa. 
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power  can   be    transmitted    t<>    the    sluift,   and   work   can  be   done, 
have   a  rotatin<;-riclil   iiuluctioii    motor,  albeit   a  somewhat  feeble  one. 

It  win  be  convenient  now  to  name  the  two  lundamental  parts  of 
the  machine.  Tlie  names  armature  and  field  maRiiet,  used  in  generators 
and  continuous-current  motors,  are  apt  to  lead  to  confusion  liere,  for 
the  fixed  ring  is  the  more  analogous  to  the  armature  in  the  other 
machines,  since  the  magnetic  flux  in  its  core  is  continually  changing. 
Also  the  rotating  part  more  nearly  resembles  a  field  magnet,  lor  in 
modern  machines  the  magnetic  flux  in  its  core  is  nearly,  but  not  quite, 
in  a  fixed  direction  through  the  iron.  As  a  natter  of  fact  it  slowly 
revolves  with  respect  to  this  iron.  There  is,  therefore,  strictly  speaking, 
no  field  magnet  in  the  usual  sense.  The  two  parts  more  nearly 
resemble  electrically  the  prim- 
ary and  secondarv  of  an  induc- 
tion coil,  except  for  the  fact 
■"  It  there  is  relative  motion. 
.  lie  practice,  however,  which 
is  least  open  to  objection,  and 
which  is  now  very  widely  ** 
adopted,  is  to  call  the  primary 
or  fixed  part  the  Stator  {i.e. 
the  part  which  stands  still), anA 
the  secondary  or  moving  part 
the  Rotor  (.'.<'.  the  part  which 
rotates).  We  shall  usually  em- 
ploy these  names  in  what  Fig.  j8o.-Copper  CyliiKler  ^ttat  h  a 
follows  Kolatini  Magnetic  Field. 

Return  now  to  the  copper  cj'linder  placed  in  the  rotating-field.  The 
cylinder  will  revolve  in  the  same  direction  as  the  field,  but  the  forces 
acting  will  be  feeble  and  of  little  practical  value.  One  obvious  method 
of  increasing  them  is  to  increase  the  rotating  magnetic  flux  by  improving 
the  magnetic  circuit,  for  it  is  on  this  flux  that  the  whole  action  depends. 
The  flux  will  be  enormously  increased  if  we  place  behind  the  copper 
a  heavy  iron  cylinder  built  up  like  i  3  armature  core  of  dynamo 
machines.  The  copper  will  then  be  only  a  thin  conducting  sheet  on 
the  face  of  the  iron,  and  the  latter  may  therefore  be  brought  very 
close  to  the  iron  of  the  outer  ring,  especially  if  the  latter,  instead  of 
having  the  wire  wound  on  a  smooth  core,  is  wound  with  the  wire 
lying  in  grooves  between  projecting  teeth.  With  these  modilications 
the  effective  torque  will  be  greatly  increased. 

Next,  in  regard  to  the  circuits  of  the  induced  currents  in  the  copper 
cylinder,  we  may  now  look  upon  the  mechanical  action  as  the  result 
of  the  drag  on  a  current  c.irrying  conductor  p!a;.cd  in  a  magnetic 
ftpld.     For  this  drag  to  be  most   ejlective  in  a  given   cas?   th^  conduvtor 


i'f.-  5*J.-Seclio» 
oTKinit. 
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should    be   at    !  i;;lit-aiif;li;s   to    the   field    at    the    pl.icc    wi.ere   the   flux    i; 

densest.     A    very   curMiry   ixaiuinalioti    ol    tlie    lines   ol    current    flow   in 

Fij;.  5S8    will    show    how    little    these    lines    conform    to    tins    condition. 

Instead  of  being  strictly  radial  under  the  rotatiiiR  pole  they  leak  out 
,  p -, ,^..^-,____^         sideways  in  all  directions,  with   a  consequent  loss 

I^Pj^lj^^I^^^  ol  mechanical  efTect.  The  same  kind  of  thing 
happens  in  the  copper  cylinder  (Fig.  cSf*),  where 
the  current  lines,  instead  of  beiiiK  all  vertical,  break 
into  curved  swirls.  To  direct  the  currents  in  the 
required  paths  it  is  only  necessary  to  cut  vertical 
sluts  in  the  cylinder,  as  shown  in  Fij^.  ;'ii,  leaving 
sulTicient  Copper  top  and  bottom  f('r  the  currents 
to  How  round.  For  this  purpose  tbf  cylinder  may 
be  lengthened,  for  it  is  not  necessary  that  the 
end  paths  should  be  within  the  magnetic  field ; 
they  obviously  add  nothing  to  the  torque.  We 
thus  arrive  at  the  elementary  form  of  the  widely- 
used  Squirrel  Cage  Rotor,  so  named  from  the 

resemblance  the  barred  copper  has  to  the  toy 
referred  to.  The  figure  simply  shows  the  laminated  iron  and  the  copper 
without  the  mechanical  connections  to  the  shaft  to  which  the  power 
developed  is  '.o  be  transmitted. 

By   slotting   the  copper   the   induced    currents  are  constrained  to  take 

f> 


FiR.  ;9I.— Kouimi;  Coiipcr  Cy- 
linder, ilotied  and  lined  with 
laminated  iron. 


Fig.  S9t,— Johnson  and  Philfipa'  Squirrel  Cage  RoMr. 


the  paths  which  give  the  best  mechanical  effect,  but  to  attain  this  we  have 
increased  the  resistance  of  llie  circuits  in  which  these  currents  How  without 
increasing  the  K.  m.  K.,  lor  any  form  of  constraint  of  this  kind  implies  an 
increase  of  resistance.  We  have,  therefore,  cut  down  the  magnitude  of 
the  currents,  and  to  that  extent  have  diminished  the  mechanical  torque 
A  glance  at  V\g.  ;qi  suggests  a  further  improvement.  Let  the  laminated 
iron  protrude   through  the  slots  so  as  to  improve  further  the  magnetic 
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circuit  ;    the   flux  will    be    tliercby    made    very   imicli  denser,  the    iiiduLcd 
K.  M.  K.'s  will  be  iiKieased,  and  the  tuireiits  raised  to  a  greater  in.ij-iiitude 
than  ill  the  uiialolted  cyhnder.     There  is  now,  eonstruetioiially,  no  fiirthei 
need  to  keep  to  the  slotted  cylinder  ;  the  copper  may  be  in  roiis  lyinj,'  in 
slots   in  the  iron,  and   the    end   connections  ni.iy  coiisi.-,t   of  copper    rinps 
firmly  connected    to   the   rods.      We    thus   arrive    at    the  finished   s(|uirrel 
cage   rotor,  shown  in    Fig.  592,   which  is  prodmed    ln«m   a    jihotograph  of 
an  actual   rotor  built    by  Messrs.  Johnson  and    Phillips.     The  solid  cpper 
bars    A  *   of    rectangular    .sfxlion    are    nearly    buried    in    the    iroi.,   which 
not    only    protrudes   through    the   gaps    between    them,    but    cK.se^   over 
them   in    front,  and    leaves   oidy   a    very   narrow   gap   on    the    surface   of 
the    rotor.      The    iron    carcase,    before   the    copper    bars   ,ire    inserted,   is 
illustrated   separately  in    Fig.  593,    which   clearly   shows   the  form   of  the 
slots.     The  bars  are  sweated  into  niassire  copper  rings  a  a  (Fig.  c.^j)  at 
each  end,  thus 
completing    the 
"  squirrel    cage." 
The      driving 
spider,    which 
transmits    thci 
torque  from  the 
iron  core  to  the 
shaft,  can  be  well 
seen  in  Fig.  5^ ;. 
We  have  now 
shown   that  the 
squirrel     cage 
rotor  may  be  re- 
garded as  an  Arago  disc  modified  and  developed  in  the  light  of  subsequent 
discoveries.     But   having   introduced   the   principle  of  constraint    into  the 
conducting    circuits    of    the    rotor   we    may    carry    that    principle    much 
further   than   the   squirrel   cage,   by  designing  the  windings  of  the   rotor 
as    carefully    as  the   windings  of  the    armature   of    a    generator,   and   so 
disposing  them   as   to  produce   the   best   effect  under  given   conditions  of 
working.      Thus   we   may   have  a  series  of   quite    separate   and    distinct 
short-circuited    coils,   or    we   m.iy   have    star    or   mesh    grouped   windings 
with    their    ends    brouj,'ht    out    to    slip  rings,   so    that    we    can    at     will 
introduce  resistance,  inductance,  or  capacitv  into  tlie  circuits.     In  Fig.   594 
we    give    a    diagram,    due    to    Dr.  S.    1'.    Thoinpson,   of   a    drum-wound 
rotor  placed   inside   a   tri-|)liase  ring  wound  ^tat(>r.  jTlie  windings  of  the 
rotor   circuits   are   connected  in    four    separate   groups,   the    wires   of  each 
group    being    bunched    at    iiUervais   uf    i;o'   apart    on    tiie  drum.     Each 
group  may,   therefore,   be   regarded   as   a   separate   system,   symmetrically 
arranged    for    induction    by    the    tri -phase    stator,    and    as    the    relative 


l"i«-  59J-— Ire"  Core,  DriTioK  Spider  xxl  Sh«n  of  Rotor. 
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positions  of  maximum  iiiaj^neti';  Mux  and  conductors  chanpe,  owinp  to 
want  of  synchronism  between  fe  rotaling-fieid  and  the  revolvinj;  rotor, 
there  will  always  be  one  group  nut  far   from  the    position  for  best  effect. 

g  <    ^    ff         In  Fig.  595  we  illustnite  an  actual  wound 

rv>lor,  constructed  by  Mes^srs.  Johnson  and 
Phillips,  whiJi  has  an  outside  diameter  of 
13  iiulies  and  a  core  6  inches  wide.  It  is 
wound  for  a  six-pole  siator  field,  and  the 
ends  of  the  windings  are  brought  to  the 
three  slip-rings  shown  on  the  axle,  where 
they  may  be  either  short-circuited  or  other- 
wise dealt  with  as  indicated  above.  The 
siator  is  to  be  supplied  with  a  two-phase 
current  at  220  volts  and  50  periods  per 
second.  In  this  field  the  rotor  gives  15 
B.M.p.  when  fully  loaded,  and  runs  at  q6o 
revolutions  per  minute,  the  slip  therefore 
/y  being  4  per  cent, 

iig. 5.4.-nr.ini.Woi,iui  Roior.  '['o     illustrate    the    ap|)iication   of    these 

principles  we  shall  conclude  this  section  by  destribing  briefly  one  or  two 
actual  machines,  and  shall  reserve  further  technical  details  to  a  subsequent 
chapter. 

In    Fig.  5 Oh    are   shown   the  parts  of  an   induction   niulor   constructed 


1-'>ii  S9}— Woand  Rotor  oilh  Slip  Rinft. 


by  the  International  Electrical  Engineering  Company.  On  the  left-hand 
side  is  the  rotor  wound  much  in  the  same  way  as  the  armature  of 
a  three-phase  alternator,  the  enck;  of  the  windings  being  brought  to 
three  slip-rings  on  the  axle,  which,  however,  in  this  case,  are  only  used 
when  the  machine  is  starlmg,  for  when  full  speed  is  attained  they  are 
jhort-circuited.     In    the    centre  is  the  stator,   which  consists  of  a  cast- 
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iron  yoke,  from  which  the  l.tiiiiiiatcd  tore  projects  inw.ird*.  The  pl.ites 
of  tlie  core  arc  picrccil  longitudinally  with  holt-*,  which  .irc  very  nearly 
closed  on  the  inner  face,  and  through  which  the  current-carrying  coil>  are 
wound.  There  arc  twenty-one  of  tlie:-e  coils,  or  seven  to  each  phase  ; 
and  these,  when  supplied  with  threc-pliasc  currents,  will  give  a  rotating 
field  of  fourteen  poles.  The  revolutions  (;/,)  per  minute  of  this  field  will 
be  given  by  the  etiuation  — 

60 II     _     60 
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where   p   is   the   number   of  puin  of   poles   in   the   stator    and   w   is   the 


Fig.  596.  — Rotor,  Stator-  -    -1  other  parti  of  an  Induction  MotiST. 

number  of  periods  per  second  of  the  current  supplied.  The  full  speed 
of  the  rotor  will  be  about  3  to  8  per  cent,  less  than  the  speed  of 
revolution  of  the  rotatinir-field. 

The  front  pedestal  of  the  machine  is  shown  separately  on  the  right- 
hand  side.  It  carries  the  three  terminals  to  which  the  leads  of  the 
starting  resistances  are  to  be  att.ached  (through  a  proper  starting  switch), 
and  also  the  brush  gear  for  making  coniicctions  to  the  slip-rings.  luich 
ring  has  two  carbon  brushes  bearing  on  it,  one  on  either  side  ;  the 
general  arrangement  being  neat  and  compact. 

The  machine  illustrated  has  an  output  of  12-  b.-'ake  horse-power  at 
full  load,  and  runs  at  about  410  r.  p.m.  (re\  "iut;  "is  per  niinute)  on  a 
circuit  of  a  periodicity  of  sCVi.  The  beari'i,i;s  are  self  lubricating,  with 
the  usual  lubricating  rings,  shown  loose  on  che  shait  in  Fig.  511., 
and  reijuiic  little  or  no  attention  when  running.  i(  should  be  notic'jd 
that  the  yoke   casting  is  deeply   tianged,  a   method   of  design  which  not 
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only  improves   tlic   appearance   ol  I  lie  niaeliiiie,  but  also,  to  some  extent, 
shields  the  stator  windiiiKs  frtini  injury. 

The  ^tut^)r  of  a  150  horse-power  inilui.tion  motor  ot  the  \Vestinji;house 
Electric  Company  is  illustrated  in  \'\^.  S'j;,  \vhil>t  Fig.  5'i8  shows  the 
complete  machine  mounted  on  its  slide  rails,  with  the  piillev  for  driving 
inachiiierv  siippoiied  by  a  third  hearing'.  As  l)(.l<iic,  the  .^tator  (Fig.  597; 
consists  of  a  heavy  cast-iron  yoke,  on    AinJi  the   iiiurnal   laminated  and 

slotleil  ring  of  sheet  steel  is  built. 
As  shown,  the  linished  stator 
strongly  resembles  the  armature 
ot  a  generator.  The  windings 
are  divided  into  the  rei|uisite 
number  of  sections  for  the  poly- 
phase currents  which  are  to  be 
used.  There  are  no  slip  rings  on 
the  rotor,  which  is  ot  the  squirrel 
e.ige  tyjjc,  and  the  machine  is 
started  by  reducing  the  voltage 
on  its  terminals  until  the  normal 
running  speed  is  nearly  reached. 
Full  details  of  the  methods  of  start- 
ing induction  motors  will  be  given 
subsequently.  The  rotor  bearings 
I  proper  are  carried  by  iTiassive 
spiders  bolted  to  the  yoke  ring, 
and  having  their  open  parts  filled 
in  with  perforated  iron  shields, 
thus  completely  protecting  the 
internal  parts  from  mechanical 
injury.  The  nioior  illustrated 
runs  at  480  r.  p.  n  on  circuits, 
with  a  periodici'^  ot  25  <\^,  .in<l  :.t 
575  on  circuits  of  30  f\,.  These  figures  indicate  that  the  slip  allowed 
is  4  per  cent,  with  a  si.x-pole  rotating  magnetic  field.  The  machine 
weighs  14,250  lbs.  as  illustrated,  but  only  9,700  lbs.  with  ut  the  pulley  and 
extra  bearing. 

Mono-phase   Induction    Motors.— The  most  succc  sful  mono  j)hase 

alternate  current  motors  belong  also  to  the  induction  i  'ass,  in  which  the  con- 
ductors on  the  moving  part  are  not  connected  to  the  ^  :pply  circuits,  nor  do 
they  directly  receive  any  current  from  those  circuits.  1  lie  currents  in  these 
movini;  conductors  are  generated,  as  in  the  rotors  just  described,  bv  inductive 
actions  within  the  machine  itself  ;  and,  by  the  interaction  of  the  lonsequent 
magnetic  ria.xes  with  the  Ihi.ves  set  up  in  the  stationary  part,  energy  is 
translormed  and  meehanical  woik  done. 


P'K  597.-  Stator  of  Westinchouse  Poly-phaw 
Induction  Mutur 
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I'n:.  SqS,  — Westinghnii^e  Polyphase  Indactloa    .VUn"t , 

That  mechanical  forces  of  consider, ili'.c  mafinitiule  ni.iy  be  set  up  by 
such  interaction  of  magnetic  fluxes  cau;  li  l)y  mono-ph.isc  currents,  can 
be  shown  by  some  fairly  simple  experiments,  wliicli  we  riwe  to  I'rof. 
Elihu  Thomson.  Let  a  copper  rinj;  k  (Fifj.  ^i  .)  he  luKl  ju-t  above  the 
pole  of  an  electro  inaj^net  m,  through  the  coils  of  -.vliii.li  alternate  currents 
are  flowiii'^  ;  it  will  be  fomul  that  the  rin<;  is  repiUe.l  from  the  pole  of 
the  magnet,  and  tends  to  move  olT,  as  sliown  !iv  the  [>ii.itiiin  nf  the 
dotted  ring.  At  frst  sight  it  i-  iml  very  ajiparviit  why  tlii-  repuKion 
should  take  place.  It  is  true  that  whilst  the  magnetic  tieUI  is  in- 
creasing the  induced  currents,  as  we  liave  prcsinuslv  seen  (page  41  )i 
are  such  as  ti.  1  ;>e  repiiMon  ;  but  then  as  the  field  dn  rea-ts  the  in- 
ductions are  in  tile  iijiposite  (iireciiiin,  jud  i..iii--e  aiii.uli":i.  li  vMniid  appe  11, 
therefore,  that    on   the  whole  the   two  --jts  nl   tunes  shnuld   hal.ime.      I  hat 
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this  is  n<>t  so  is  due  to  the  iiuiiuliinci-  ol  tlic  ritit;,  niid  its  cfTcct  upon  tlic 
phn\f  of  the  currents,  wliicli  we  have  tully  discussed  (pages  1}J  to  54H). 

This  effect   is  «^h<)wn  {{raphically  in  the  curves  of  Fig.  600,    which  are 
drawn    iccording  to  ilie  rules  previously  explained.      The  thick  line  curve 

o  A  II  I)  shows  rather  more  than  one  com- 
plete alternation  of  the  magnetic  ffux 
trom  the  magnet  M  (Fig.  59'))  This 
flux  passing  tinough  tlie  ring  induces 
K.  M.  K.'s  which  are  —  wl-.sn  the  flux  is 
increasing,  -}-  when  it  is  diniinishing, 
and  zero  at  the  +  and  —  maxima  of  the 
llux.  These  variations  are  shown  hy  the 
line  line  curve  u  a  b  il,  which,  it  will  be 
observeil,  lags  a  J-period  in  p/itisr*  be- 
hind the  curve  for  the  magnetic  flux. 
This,  then,  is  the  curve  for  the  k.m.f. 
impressed  on  the  ring.  Rut,  as  we  have 
seen,  if  there  be  inductance  the  current  in  the  ring,  and  therefore  the 
mai;netic  field  due  to  that  current,  will  lag  behind  the  impressed  E.  m.  p., 
and  in  consequence  must  be  represented  by  some  curve  such  as  the 
dotted  line  n'n'b'if,  whose  phase  is  behind  that  of  the  curve  nabtl. 

Now  the  mechanical  forces  are  due  to  the  inteiaction  of  the  fluxes 
o  A  B  I)  and 
n'a'b'ii';  when 
these  fluxes  are 
in  the  s.ime 
direction  there 
is  attraction, 
when  in  op- 
posite direc- 
tions theie  is 
repulsion.  In 
the      intervals 


'''tt-  %'H'  Copper  Ktiig  held  over  an 
Allernalt  Current  Magnet, 


.  imm 


Fig.  60,— r.ffect  of  the  Inductance  of  the  Ring. 


from  o  to  /  and  from  /,  to  t^  they  are  opposed,  and  we  have  repulsion, 
whilst  in  the  shorter  intervals  from  /,  to  /,  and  from  /,  to  /,  they  are 
in  the  same  direction,  and  we  have  attraction.  Moreover,  the  instantaneous 
forces  are  proportional  to  the  products  of  the  fluxes  .it  each  instant,  and  an 
examination  of  the  diagram  will  show  that  not  only  are  the  pe'iods  of 
repulsion  of  longer  duration  than  the  periods  of  attraction,  but  that  also  the 
forces  of  repulsion  are,  on  the  average,  greater  than  the  forces  of  attraction. 
On  both  grounds,  therefore,  the  sum  of  the  repulsions  overbalances  the  sum 
of  the  .nttr.!:  !!0!)S|  p,v,<\  tht-  ring  !--  rejiflled. 

The  repulsion  can  be  shown  very  strikinglv  by  tethering  the  ring  to  the 

•  Uti  page  51- 
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table  as  in  Fij,-.  -ui,  wlitti,  mtli  a  [..iwntul  diuio  ni.isjnct.  the  heavy 
copper  riiiK  uill  be  liltcil  bodily  Iroin  the  p..le.  an.!,  a,  it  wue.  Muat  ill 
air  above  the  pole.  hi  both  cxperiiiuiits  the  loppn  riiij;  is  (iiiitkly 
heated  up  by  the  lar«e  imhiuioii  eiirreiits  >,'eiurate.l   in   it. 

Not  only  will  the  riiiK  be  repelled  b(.dilv  lr,.m  the  nii^-iiet,  it  xvill 
also  tetid  to  turn  and  set  its  plane  alonj;  the  lines  of  the  miyneiie  llux 
Iroin  the  elettro-niajjnet,  except  in  tin-  case 
in  which  it  is  so  avcurately  at  right  angles 
to  that  fi^x  that  its  a.xis  absolutely  loincides 
with  the  axis  of  the  (lux.  In  this  ease  it  will 
be,  as  regards  turning,',  m  unstable  equili- 
brium. The  experiment  can  best  be  made 
by  turning  the  magnet  into  the  hori/nntal 
position  as  in  Fig.  e)02,  and  hanging  the 
ring  in  front  of  it.  If  hum;  by  .i  bitilar  or 
torsional  suspension  it  will  be  Untinl  th.it 
the  ring  will  take  up  a  position  ineliiied  to 
the  axis,  and  that  in  this  position  a  permaiient 
torque  or  turning  m(mienl  is  exerted  nn  it. 

Advantage  was  taken  by  I'rof.  Elihu  Thomson  of  the  perm  ur  lit  torque 
in  the  oblique  pos!':')n  to  prfuluce  a  single-pluuse  induction  motor.  He 
placed  in  the  bi-pu.ar  field  of  an  ironclad  dynamo  (Figs.  (,o ;  and  (.o^j 
an  open  coil  ariii.iture  wound  w^'h  three  coils,  whose  ends  were  brought  to  a 
six  part  commutator.  Two  brushes  joined  by  a' short-circuiting  wire  were 
plaLcd  diameirically  opposite  one  another  on    this   commutator  i'l    such  a 


Ailemate  Currcut  M4»;ui't. 


the     coil    with     which     they    made 


positiim  that  they  short-circuited 
contact  during  the  period  of  the 
rotation  when  the  coil  was  in  the 
best  position  for  the  production 
of  the  mechanical  toriiue  betwee'i 
the  niaRiietic  flux  of  the  currents 
induced  in  it  and  the  magnetic 
flux  of  the  field  magnets.  In  otlier 
positions  the  circuits  of  the  coils 

were    not    closed,  and    no    currents       FiR.Coj.—l'emianem  torque  lixm.  d  <.n  >  ipiir  Rinn. 

were  .induced.  The  field  magnets  were  laminated,  and  were  excited  with 
alternate  currents,  and  as  each  armature  coil  swung  into  the  short-circuiting 
position  the  requisite  currents  were  induced  in  it,  and  the  motion  was 
maintained.  With  this  machine  a  fair  amount  ol  power  was  developed. 
It  is  worth  noticing  how  the  magnetising  coils  of  these  field  magnets 
encircle  the  armature,  as  in  Forbes'  dynamo  (Fig.  477);  the  exneiiment 
would, however,  he  succes-Tul  with  the  coils  in  anv  other  of  the  usual  position. 
The  same  principle  has  since  been  ap|>lied  to  an  ordinary  Gramme 
ring  armature  in  the  bi-polar  field  of  an  altem.ile  current  elec  iro  in.ignet. 
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In  this  vase  the  short  circuiting  brushes  were  placed  obliquely  in  such  a 
position  that  the  currents  induced  in  the  ring  gave  the  best  mechanical 
effect.  Tluse  currents  were  compelled  to  flow  in  the  circuit  provided 
by  the  short  circuit  across  the  brushes,  which  were  so  placed  that  a 
strong  torque  was  produced  between  the  flux  set  up  by  the  field  magnets 
and  tlie  flux  set  up  by  the  currents  induced  in  the  ring.  The  ring,  therefore, 
rolated,  hut  as  it  inovci!  round  the  fixed  brushes  maintained  the  induced 
flux  in  the  same  position,  and  the  torque  continued.  Consequently  the 
speed  incrca>eit  uruil  the  torque  produced  was  balanced  by  the  resisting  torque 
due  to  friction  anJ  to  the  useful  load  put  on  tliis  "  repulsion"  motor. 

In  many  mono-phase  nK)tors  a  short-circuited  rotor  winding  is  used 
similar  to  those  which  we  have  described  in  connection  with  poly- 
phase   machines.      Such    a    machine,  when    once   the    proper    speed    has 
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IllllUllliI 
I  of  MoiHvphmw  Induction  Motor. 


been  attained,  will  absorb  power  from  an  alternate  (i.e.  not  a  rotating) 
magnetic  field,  but  some  special  device  is  necessary  to  run  the  rotor  up 
to  synchronism,  and  as  a  rule  the  machine  cannot  start  with  the  load  on. 
The  device  usually  emplojed,  and  known  as  splitiini;  the  phasr,  is  to 
have  two  sets  of  windings  on  the  stator,  and  to  put  these  in  parallel 
for  starting  with  extra  inductance  in  one  circuit  to  produce  a  phase- 
difference  between  them.  If  the  two  sets  of  coils  are  properly  spaced 
round  the  stator  the  currents  in  them  will  produce  a  rotating  magnetic 
flux,  but  as  a  rule  the  speed  of  rotation  will  not  be  uniform  during 
a  c  >mplcte  revolution,  but  will  be  more  or  less  jerky.  When  the 
rotor  h;i3  fallen  into  step  the  extra  set  of  coils  is  cut  out  of  circuit, 
and  the  machine  then  runs  as  a  syhc/iidwius  numu-phase  induction  motor. 
We  postpone  further  discussion  of  details,  and  of  machines  develojjed 
within  the  last  lew  years,  and  shall  conclude  willi  u  reference  to  a 
machine  of  historical  interest,  designed  by  Tesl.i,  in  which  a  rotating 
magnetic    field    produced    as    above    described    was     used     for     working 
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purposes,    and    not    tor 


>taftm>;  only.  Of  this  m.n.hine  Fig.  t,o;  is  a 
diagrammatic  end  elevation,  and  Fig.  606  is  a  longitudinal  elevation, 
partly  ni  section.  The  frame  a  which  formed  the  ft.  Id  magnets  or  staior 
was  built  up  of  sheets  of  iron  stamped  out  to  the  required  shape  and 
bolted  together,  with  slight  insulation  between  them.  The  magnet  had 
eight  poles  projecting  inwards,  four  11  u  11  b  at  one  end  of  the  armature 
and  four  cccc  at  the  other.  The  terminals  of  the  motors  were  at 
T.  and  T„  and  the  field-magnet  coils,  of  which  there  v.  as  one  on  each 
polar  projection,  were  joined  up  in  two  parallel  groups  l)etwcen  these 
pomts,  each  group  being  formed  of  all  the  poles  at  one  eml  of  the 
armatuie.  The  coils  were  so  wound  that  if  a  steady  current  were  sent 
from  T.  to  T.  the  poles  of  each  group  would  be  altcrn  iiely  N  and  S, 
and   thus,   if    both  groups  are    considered,   two    N's    would    be    folU>wed 


FiK.  («.5.-TmI«'s  Split'pbuc  Motor. 


I  iR   eo&-'Put  Section  of  Tnla'i  Motor. 


by  two  S's.  and  so  on.  The  inner  poles  of  the  c  group  were  joined 
by  light  iron  connectors,  which  were  not  used  on  the  poles  of  the  r 
group.  The  effect  of  these  connecting  pieces,  which  became  saturated 
before  the  current  reached  its  full  value,  was  to  increase  the  inductive 
reactance  at  the  starting  of  a  current  in  the  r  group  as  compared  with 
the  reaitance  of  the  it  group,  and  thus  to  retard  the  starting  c^r 
the  falling  of  the  cunent.  If,  theretore,  alternate  currents  were  supplied 
to  T,  and  T„  the  polarity  of  the  11  poles  rose  more  rapidly  than  that 
of  the  '■  p.ilcs,  hut  the  latter  persisted  longer.  The  result  was  that 
tour  effective  poles,  two  N's  and  two  S's,  f,,l|owed  one  another  round 
ami  r.iund  the  periphery  of  the  armature.  The  short-circuited  rotor 
shown  in  the  diagram  (Fig.  1,1,5)  h.id  a  four 
which  it  is  evident  that  ciirreiils  would 
the  rotor  in  mt-ition. 


coil     drum     winding,    in 
he    inducei!    whith     would    set 
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RISE  TIC    TRASSl'ORMKRS. 

To  complete  the  li^l  ot  appar.itus  rei|uirei'.  in  modern  systems  for  the 
transmission  of  power  we  require  yet  to  describe  the  coupled  plai.ts,  the 
motor  generators,  and  the  rotary  converters  enumerated  in  the  hst  ot 
available  traiisfornuTs  at  paj;e  57:.  As  all  these  c<  ntain  revolvir.}^  parts, 
thev*  may  be  referred  to  conveniently  as  "  Kinetic  Iransformers,"  in  con- 
tradistinction to  the  "Static  Transformers''  ot  Cliapter  XI.,  in  whi^h  all 
the  parts  are  stationary.  Following  the  order  already  adopted,  we  have 
first  :— 

Coupled  Motors  and  Dynamos.  —  Motors  and  dynamos  have  been 
separately  de.-cribeil  in  the  i)recedinn  pajjes,  and  it  is  shown  in  Chapter  XV'. 
(ire  page  5-5)  how  they  can  be  u>ed  as  tran>forniers.  As  a  rule  the 
machines  run  normally  at  the  same  speed,  so  that  they  can  be  placed  end 
to  end  and  their  shafts  connected  to^jether  by  some  kind  ot  tle.\ible 
coupling.  Wheie,  howc"  r,  the  machines  have  to  he  run  at  different 
speeds  they  mu«t  be  mc.haniially  coupled  together  by  a  belt  or  some  form 
of  gearing.     In  practice  tlie  sets  may  be  required  :— 

(</)  To  transform  continuous  currents   at   one  pressure  into  con- 

tinuoui  currents  at  anotlier  (higher  or  lower)  pressure. 
(/()    To    transform    aliernatc    currents   into    continuous    currents, 

either  at  the  equiv;iiiiil  or  a  dilTere:-,!  pressure, 
(c)   To   tr.nislorm   coniinuou:*   currents  into  alternaie  currents  at 

the  equivalent  or  a  dilVerent  pressure. 

(a)  As  an  exainnle  of  conlimious  current  transformation  we  show  \n 
Fig.  607  a  motor  and  two  dynamos  mounted  on  the  same  bed-plate, 
and  with  tlie  three  armatures  on  the  same  shaft.  The  large  machine 
in  the  centre  is  the  motor,  and  the  two  smaller  machines,  one  on  either 
side,  are  the  dynamos.  The  motor  armature  is  10  inches  in  diameter,  and 
at  full  load  takes  a  current  of  45  to  50  amj-res  at  550  t.j  500  voh.s  the  full 
load  being,  therelore,  25  kilowatts,  or  3;  hoi-e-power.  The  excitation  ot 
the  field  magnets  is  such  that  the  field  increases  :ind  decreases  propor- 
tionally with  the  tluciuating  voltage,  thus  -etuiing,  within  the  limits  named, 
ih.it  tlie  necessary  baik  1:.  M.  v.  shall  he  pnuhiLed  at  .1  constant  speed  of 
Ho'j  R.  P.  M.  This  means  that  the  p.iri  ui  the  iii.igiutisation  curve  made 
u^e  of  is  almost  a  str.iight  line. 

The     dynamos     are     der^igiied     to     give     a     maxinuitu     output    of     10 
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kilowatts  each,  or  50  amperes  at  200  volts,  cacli  armalurc  being  12 
tidies  in  diameter.  Thus  the  set  receiviii);  4;  amperes  at  550  vulis 
gives  out  electric  power  in  the  form  of  100  am;  ores  at  200  volts. 
As  5  kilowatts  are  lost  in  the  transformation  the  uver-all  efficiency  is 
80  per  cent.  The  bearings  are  self-lubricating,  the  necessary  oil  being 
stored  in  the  four  pedestals,  and  therefore  the  shaft  can  run  for  a 
considerable  time  without  attention.  The  floor  space  occupied  is  y  feet 
8  inches  by  4  feet   3   inches,   and    the   total    height  is   3   feet   4   inches. 


Fie.  M— Poty-plMn  Motor  Driving  >  Cooliaueiu-eamm  0«Mrslor. 


The  special  object  of  the  set,  which  is  built  'ly  the  General  Electric 
Company  of  London,  is  to  take  current  from  tramway  generators  whose 
voltage  may  vary  rapidly,  according  to  the  demand  of  the  tramway 
service,  from  50c  to  550  volts,  and  to  supply  current  to  the  two  sides 
of  a   three-wire   lighting  system   at   a   steady    prc^^hure   of  200  volts. 

Turning  now  to  the  second  division  (A),  in  whith  the  object 
of  the  ct)upled  plant  is  to  Ir.iii^lorm  cleclnc  power  .is  earned  by 
alicrnaie  currents  into  the  electric  power  o-  continuous  currents,  we 
illuMr.itc  in  Kig.  6o'^  a  set  for  this  pur|)(i.-.e  luiilt  by  Messrs.  John-on 
and  IMiillijis.  In  tins  mI  a  polyphase  induction  motor  is  coupled  on 
to    the    bhalt    ot    a    cuiiiinuous-current    dynamo,    l>oili    inichinea    being 
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carried  «n  tlie  same  bc»l -plate,  m)  as  tt.  eiiMire  the  dinvt  aliKiiinenl 
of  the  rcLiliii;;  shifts.  The  motor  is  inteiuteil  to  take  t\v..-pliase 
currents  at  zzo  vult>,  with  a  periodicity  of  z-.  "Ni,  and  to  develop 
22-;  H.  H.  r.  at  ()40  revohitions  per  minute  The  co:itiiuioUMurienl 
dynamo  absorbs  the  jiower  so  developed,  and  runniiiR  ol  necessity 
at  the  same  speed  generates  a  currtnt  of  13b  amiKres  at  110  volts. 
The  dynamo  field  magnets  are  shunt-wound,  and  are  of  the  hi  pi>lar 
over-type  pattern.  It  behaves  in  every  respect  like  the  generators  of 
a  similar  kind  already  described,  and  its  voltage  is  regulated  in  the 
ordinary  way  for  a  shunt- wound  generator  by  a  resistance  plaied  in 
the  tieid-magnet  circuit.  The  journals  are  self-lubricating,  and  the  tl..or 
space  occupied  is  7  feet  *  inches  by  2  feet  ?  inches,  the  height  being 
2  feet  II  inches  alK)ve  the  ground,  the  combined  overall  efTitiency 
of  transformation  of  the  plant  is  about  So  per  cent.  ;  that  is,  the  generator 
delivers  into  the  cont.uious-current  circuit  about  So  per  cent,  of  the 
electric  power  which  the  motor  takes  from  the  alternate  current  circuit. 

The  arrangement  of  the  plant  for  the  third  purpose  {. ),  mentioned 
on  page  6=8,  will  be  understood  from  the  descriptions  already  given. 
The  iransformatioTi  from  continuous  to  alternate  currents  is  not  so  olten 
required  in  practice  as  the  other  two  transformations. 

Motor  Generators.— These  transformers,  which  are  specially  suitable 
for  continuous  currents,  are  variously  known  as  "Continuous  Current 
Transformers,"  "Motor  Dynanros,"  "Dvnamotors,"  and  "Motor  (lenerators." 
Referring  to  one  of  the  arrangements  above  described,  that  ot  two 
continuous-current  machines  acting  as  motor  and  dynamo  nspeclively, 
some  possible  modifications  are  obvious.  If  the  machines  have  their 
armatures  coupled  together  on  the  same  shaft,  each  armature  rotating 
within  its  own  field  magnets,  one  simplihc.ilion  would  lie  to  suppress 
one  of  the  sets  of  field  magnets,  and  to  cause  boili  armatures  to  rotate 
within  the  other  set.  This  points  to  a  further  nioditicatioii  in  which 
the  two  armature  cores  arc  condMiied  into  one,  which  is  then  wound 
with  two  entirely  distinct  circuits  pro\ided  with  separate  conunutators, 
the  two  circuits  representing  the  armature  circuits  ot  the  motor  and 
dynanro  of  the  first  combination.  A  machine  so  coiistniLled  is  called  a 
"motor  generator." 

.\n  early  stage  in  such  a  simplilication  is  shown  on  l-'igs.  ho'i  and  Mo, 
which  represent  a  machine  built  by  the  .Mioth  C.  In  this  m.ichine  the 
yokes  only  of  the  field  magnets  of  two  scparal.  inachines  have  been  combined 
into  a  single  yoke.  Projecting  inwards  are  two  set-  ot  si.x  poles  each  on  the 
right  and  left  respectively  (Fii;.  610)  ;  each  pole  cariies  a  magnetising 
coil.  Within  this  magnetic  system  revolve  the  two  .irmatures  mounted 
side  by  side  on  the  same  shalt,  and  each  provided  with  its  (,wii  t..mmutator 
and  brushes.  The  armatures  are  wound  with  ilitreieiil  huiiiIkis  ot  turns,  so 
that  the  back  k..m.k  of  the  one  whieh  u  u^cd  as  a  muiur  ainiaiuic  may  have 
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any  (k-sircil  relation  to  the  forwaid  K.  M.  K.  of  the  other,  which  is  used  as  the 
genuratDr  armature. 

In  FiK-  '>il  is  i'lustratcd  an  Elwcll  Parker  motor  generator,  as  made  some 
years  ago  by  the  Klleclric  Construction  Corporation,  and  used  at  the 
Oxford  Central  Station.  At  first  sight  it  might  have  been  mistaken  for  an 
ordinary  dynamo,  from  which,  however,  it  difTtred  in  having  a  com- 
mutator at  each  end  and  in  'he  absence  of  the  driving  pulley.  The 
commutator  at  the  right-hand  side  was  for  the  high  pressure  motor 
circuit  of  the  machine,  which  when  fully  loaded  was  intended  to  receive 
on  tliat   comnuitalor  a  cuireut  of  about  43  amperes  at   1,000  volts.     This 


FtR.  6n.  -Quadruple  Circuit  Motor  Generator. 

current  caused  tlic  armature  to  rotate  at  a  speed  of  550  revolutions  per 
miiuite,  at  which  speed  there  could  be  drawn  off  from  the  other  com- 
mutator a  current  of  xho  amperes  at  110  volts.  Thus  the  cfTiciency  at 
full  lo.id  was  02  per  cent.  In  this  particular  machine  the  field  magnets 
were  first  excited  In'  llic  current  from  a  secondary  battery  ;  but  when 
the  lull  speed  li.ui  been  altained  a  current  from  the  low  pressure  com- 
nmtr'.or  was  usctl.  The  bearings  were  continuously  lubricated  by  special 
oilpumps,  so  tliat  the  machine  required  very  little  attention. 

Tlie  con-jiileralions  which  govern  tht  design  of  the  armature  and 
field  magnets  in  motor  generators  are  much  the  same  as  those  which 
we  li.ive  referred  to  wbcn  ticaiing  of  dynamos,  and  it  is  therefore  un- 
I'ccess.irv  to  repeal  tliein.  In  the  winding  ol  the  motor  dynamo  armature 
there  is,  however,    an    .additional   electrical    difhculiy  in  the   necessity   for 
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Rocd  iiiMil.ilic.il  bclwci'ii  tin;  t\v.>  >cts  nl  wm.liiii;-,  tur  loiitimiou^  w'ln-. 
btli>ii);m^'  ti>  !he  two  ciaiiit--.  in.iy  be  .it  vcrv  ilillcriiit  i>(aciiti.i:>.  Tlii> 
liidiculty  of  cftiriciit  inMiLitiiui  is  Mich  thai  M>mc  enj^iiints  .iilv..t.ito  tlic 
winding  ot  the  two  circuits  on  separate  aiin.iturcs.  There  is,  luwvver, 
with  one  armature  an  important  eompeiisatiiiK  ailvantaKe  in  tlie  re<luefion 
of  the  armature  reactions,  wliii.h  render  sparkless  connnu'atinn  mi  dinieult 
in  dynamos.  This  is  due  to  the  fact  that  contiRuous  wires  in  the  two 
circuits  of  the  motor  generator  ca-ry  oppo-itelv  directed  currents,  which 
tend  to  neutralise  one  another's  n  i^netic  efTe.ts,  tlnis  rediiciii>,'  both  the 
demaRneti^ini;  and  the  cross  nLiKnetisinj;  effects.  In  the  above  machine 
the   field    ni.iRnets    were   of  the  "overtype"  form  described  at    page   i;;. 

In  a  more  complicated  motor  generator,  illustrated  in  Fig.  6ii,  the  field 
magnets  were  ol  the  double  magnetic  circuit  type  retern d  to  at  page  5:1, 
It  had  no  lewer  than  lour  separate  circiiitswdund  upuii  its  iriiiatuie,  ea  li 
circuit  having  its  own  commutator,  there  being  two  of  these  at  each  end. 
The  machine  was  .specially  designed  to  act  as  a  "  compensator  "  on  a  five- 
wire  system  of  distribution.  The  four  sets  of  brushes  were  joineil  in  scries 
with  one  another,  and  the  two  outside  points  of  the  series  were  coiinci  ted 
across  the  external  wires  or  main  feeders  of  the  system,  whilst  the  inter- 
mediate junctions  were  connected  \  ■  the  other  three  intci mediate  wires 
taken  in  proper  order.  The  lield  magnets  were  excited  by  a  shunt 
current  drawn  from  the  main  fceue-s,  which  had  a  p.  d.  oI  480  volts. 
If  the  four  difTereiit  sections  of  the  system  were  all  at  tlie  proper  p.  d.  of 
120  volts,  a  small  cuic-nt  flowed  through  the  four  armature  circuits, 
and  the  armature  rotated.  When,  however,  the  p.  d.  of  any  section' 
increased  by  i  or  2  volts,  the  armature  circuit  connected  with  it  received 
considerably  more  current,  and  the  nrmature  rotated  more  rapiilly.  As 
at  the  same  time  the  i-.  i>.  ot  the  other  sections  must  have  fallen,  since 
the  whole  p.  n.  was  kv\n  at  480,  these  sections  received  current  Irorii  the 
corresponding  parts  of  the  armature  which  now  acted  as  generators. 
Thus  the  first  armature  circuit  tended  l<>  iiuvcr  the  raisctl  p.  ii.  on  its 
section,  whilst  the  other  three  bv  supplyinj;  current  tended  to  keep 
up  the  lowered  P.  i).  on  their  sections.  In  this  w.iythe  niaclpiie  exercised 
a  very  efTeilive  and  automatic  regulation. 

Rotary  Converters.- Tin -■  nuchiiics  have  ..rdinaiv  field  in.igmts 
excited  by  continuous  ..urrents,  aiul  indueiKing  :iii  aiinaiure  with  one 
system  only  of  windings,  but  provided  both  with  slip  rings  and  .1  a,in- 
mutator,  so  that  cither  alternate  currents  can  be  supplied  to  the  maihine 
and  continuous  currents  draw"  from  it,  or  v:ii-  ntsa. 

The  arrangement  is  ;„,  Lr.Heil  di-i-iammaticallv  in  Fig.  61  j,  which 
represents  an  (  rdinary  Graimiie-wi  .niii  1  '.ature  rotating  in  a  hi  polar 
field.  To  avoid  lonluMop.  the  icinnuitatot  has  been  omitted,  and  the 
brushes,  <:  <:'.  ..1  cMctii.g  the  ..iitinuous  iirrcn  .ne  sliov.n  .sliding  on  the 
wires  of  the  .-mature,  a  n  :t:;.)d   of  colLaion    which    is   sornetimw    used 
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in  practice  (ire  page  5.'/)-  'I'wc-  insulated  ^lip  rings,  5  antl  s',  are  mounted  on 
the  :ixlc  i)f  tliu  machine,  and  respectively  connected  to  two  diametrically 
opposite   puints,   d  and  J',  un    the  armature  windings  ;    they   slide    under 

two  fixeil  brushes  a  and  a', 
by  which  connection  can  be 
obtained  to  an  external  closed 
circuit. 

If  now,  the  field  magnets 
being  excited,  this  armature 
be  driven  rouiul  by  a  prime 
mover  of  any  kiiul,  either 
a  continuous  current  can  be 
drawn  from  the  brushes  c  c', 
or  an  alternate  current  from 
the  brushes  a  a'.  As  n 
matter  of  fact,  however,  both 
currents  can  be  obtained  ai 
the  same  time  in  magnitudes 
depending  on  the  electrical 
constants  of  their  respective 
circuits.  Furtheri  if,  instead  at  driving  the  machine  by  an  indepeiilent  source 
of  mechanical  power,  an  appropriate  motor  current  be  supplied  io  either  pair 
of  brushes,  a  gener.ttor  current  of  the  other  kind  tan  be  dr.nvn  from  the 
other  pair  ol  brushes.     In  this  way  an  .iltern;ile  current  can  be  converted 

into  a  continuous  current,  ()r  a  continu- 
ous current  into  an  alternate  current,  the 
iJiMjM.T  precautions  and  conditions  for  start- 
ing being  observed  on  the  motor  side. 

n  actual  practice  a  commutator  would 
'  1  be  used  on  the  continuous  current  side,  ab 
— '  slicwii  in  pi  m  in  Fig.*  14,  wlijre  the  field 
m.igiiets  art  removed,  and  A  represents  the 
armature,  cc  the  commutator  on  one  side, 
and  s  s'  the  ^iin  rings  on  the  other  side. 
Sujiposc,  ncnv,  that  the  machine,  having 
bet.11  brought  up  tn  the  proper  speed 
ujr,  spondiiig  to  tl.t  -.lumber  of  poles, 
and  the  p'-r:;idicity  of  the  alt.ern-"*e  current  availab.e,  this  current  is 
supplied  to  flie  slip  rings.  It  must  be  remembered,  as  has  already  been 
pointed  out,  that  in  all  armatures,  continuous  or  o>her,  the  induced 
E.  M.  F.'s  alternate  in  direction  in  the  individual  windiii>;s  of  the  armature, 
and  that  the  function  of  the  connnutator  in  continuous-current  machines  is 
to  tr.insfonn  the  resulf'ng  alternate  currei-'s  into  unidirectional  ones. 
la   the   case  now    being  considered,   the    altfc:.iate   currents    pissing   into 
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the  armature  from  the  ilip-ring^  iiuct  ilic  back  r.  m.  r.'s  tet  up  by  the 
rotation  of  the  conductors  in  the  magnetic  fu-l  I,  anti  a  mol'>r  action 
resuhs  bv  which  siitricirnt  electric  energy  i^  takiii  trom  the  circuit  to 
supply  tlie  losses  due  to  meclianival  fiiction,  edilv  currents,  etc.  I'he 
currents  passing  on  througi)  the  wiiiiiiiigs  are  then  dealt  with  by  ihe  com- 
mutator in  the  usual  way,  as  if  thcv  had  been  generated  bv  the  tiuchine 
itseit,  and  pass  on  into  the  other  circuit  as  continuous  currents.  It 
loilows   from    litis   that    there   must    be    a   delioiit-    relation    between    the 
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P.  n.  supphed  to  the  slip-rin^'j,  and  the  i  D.  iLlivered  by  the  brushes 
on  the  continuous  cur  cnt  side.     We  shall  reti'in     >  this  subject  later. 

In  Figs.  61 5  and  (.14  two  slip-rings  only  are  shown  on  the  alternate- 
current  side,  but  it  is  obvious  that  by  using  iliree  or  more  rings  and 
connecting  them  to  the  ippiopriate  windings  on  the  armature  the 
transformation  could  be  from  or  to  poly-phase  cirrciits  of  any  specified 
kind. 

An  actual  three-phase  rotary  converter,  as  constructed  by  the  British 
Thomson-Houston  Company,  Limiud,  is  shown  ui  Figs.  O15  and  616. 
A  lour-pyle  field  magnnt  and  a  drum  wound  .irinalure  are  u-ed  ;  Fig.  615 
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1  ig.  6i(;— Rot.^ry  Converter  (no  H.P.)  Alternate-carrenl  Sid*. 

shows  tlie  continuous-ciirnnt  siJe  with  iti  commutator  and  brushes, 
whilst  Fig.  bib  shows  the  ^ilt<.Mi,ilc-currciit  side  with  its  three  slip-riuRs, 
on  eacli  ol  which  are  plated  three  bn>hes.  Tlie  whole  construction  ot 
the  machine  is  very  simil.ir  to  that  ot  the  dynamos  built  by  the  same 
tirm.  The  particular  converter  illustrated  has  a  capacity  ot  250  kilow.itts 
(330  horse  power),  anil  is  intended  to  run  at  750  revolutions  per  minute 
on  a  threc-pliase  circuit  of  25  periods  per  s'cond,  the  siune  ■-need  as 
that  of  a  tour-pole  synchronous  altern.ite-current  motor  taking  energy 
from  such  a  circuit.  The  lield  tnagiiets  m.iy  be  either  shunt  or  com- 
pound wound,  as  may  be  required  for  regulating  purposes,  and  in  the 
latter  case  this  firm  uses  a  variable  resistance  in  pandlel  with  the' 
seiies  coil  for  adjusting  its  effect.  The  regulation  is  not,  however,  the 
same  as  in  a  c  ntinuous-curreni  generator,  because  of  th*-  infle.xibiliiv 
of  the  speed,  and  the  voltage  of  the  supply  current.  If  the  field 
magnets  were  over-e.xcited,  so  tar  that  the  !•.  m.  v.  generated  at  the 
synchronous  s|iced  exceeded  the  I'.  D.  ot  the  su|)plv  mains  at  the  brushes 
the  machine  would  cease  to  take  energy  from  the  latte:,  would  drop 
out  of  step  and  soon  stop. 

(jne   ot    the   drawbacks   of  the   rot.iry   converter    is  the   fact    that    the 
I'.  I),    oi    the    cuneiit    icnt   out    must     bear    an    almost    mv.iriable    ratio    to 
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the  p.  D.  of  the  current  taken  in.  The  toilinviiii;  t.iblc.  due  to  Dr.  S. 
P.  Thompson,  gives  the  voltage  ratio  in  various  cases,  and  also  the 
actual  voltage  on  the  alternai- -current  side,  on  the  assumption  that  a 
continuous  current  at  loo  volts  is  supplied  to  the  brushes  un  the  con- 
tinuous-current side  : — 


Number  of 
Slip-ringi. 


Angle  between       Nature  of  Alternate  Currcnn 
Conneclioni  to  C.eneraled. 

Kings. 


3 

4 
4 
6 
6 


180° 
120" 
90° 
90' 
6o' 
6o» 


Single-pliase 
Three-phase 
As  two-phase 
As  four-phase 
As  three-phase 
As  six-phase 


V'i>h.iKe  Ratio. 

A.  l'.  Volta, 
(Virtual  t  V. 

I 
s  i 

70-71 

2xJ 

61  2; 

7i 

70  7« 

2 

5000 

s'3 

2s  2 

6.   2J 

1 
^n'2 

3535 

Still tiui^.  —  \>  re,i;ards  starting  up  Irmn  rest  a  rotary  converter  ullers 
no  special  difficulty  when  it  has  to  tr.an-lorm  In.ni  conliiuu.u-  into 
alternate  currents.  In  that  case  the  ctntinuou-cuirent  sivie  is  the 
motor  side,  and  will  start  trom  rest  in  the  saine  way  as  .1  continuous- 
current  motor,  the  precautions,  which  will  he  explained  in  the  tethiio- 
l.igical  section,  as  t<>  startinj^  resistances  heiiig  observed. 

When,  however,  the  energy  to  be  supplied  is  in  tTie  form  <>!  alternate 
currents  much  the  same  starting;  difficulties  arise  as  with  synchronous 
alternate-current  motors,  and  it  must  be  remembered  also  that  the  rotary 
cannot  excite  its  own  fields  properly  until  it  has  reached  the  normal  s[H;ed. 
Several  methods  are  available.  Firstly,  if  a  continuous  current  of  proper 
Voltage,  as  for  instance  from  other  rotaries  in  the  same  station,  be 
available,  the  machine  may  be  started  from  the  continuous-current  sitle 
without  difficulty.  Secondly,  a  small  coupled  plant,  consisting  (jI  an 
induction  motor  driving  a  continuous-current  dynamo,  may  he  used  to 
take  current  from  the  alternate-c  rent  mains  and  to  deliver  a  con- 
tinuous current  for  starting  purposes.  One  such  i>lant  with  proper 
switching   arrangements    would    serve    a    fairly    large    station.      Another 

•  Journal  Insliuition  of  lU.vtrital  Knuinrfrs.  vol.  vwii  ,  jvu:"  r.;/'.  \'^i^ 
t  For  Ihc  u\i'l.inalion  of  llii:>  phr.-ise  uc  (liiptir  XX. 
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method,  whicli  is  now  very  common,  is  to  place  a  small  induction  motor 
on  the  shaft  o'  the  rotary  as  shown  in  V\g.  617,  which  rc[)resents  two 
Westinghouse  500  kilowatt  rotary  converters  used  by  the  Niagara  P'alls 
Power  Company  in  their  North  Tonawanda  sub-station.  The  induction 
motor  is  carried  by  a  bracket  fixed  to  One  of  the  pedestals  of  the  large 
rotary  ;  its  rotor  is  of  the  squirrel-cage  type,  and  is  shown  separately  with 


6i;-._WKiini:hnii'<e  500  K.  W.   Rotary  Conv-rlcrj. 


the  shaft  and  armature  of  the  larjre  machine  in  Fig.  biS.  To  start  the 
alternate  current  is  first  parsed  iiu.j  the  staler  of  the  induction  motor, 
winch  soon  runs  the  shift  nearly  up  to  the  synchronous  speed,  and  then 
the  fieid-inagnels  can  be  excited,  the  large  armature  be  switched  on  to 
the  alternate  current  mains,  and  the  current  Iv  uitlul.aun  troin  tiie  stator 
of  the  motor. 

The  machine  illustrated  takes  three-phase  current  thr-.u^l,  a  step-down 
static  translonner  Irom  the  i.igh-pressure  (22.000  volts)  n>aiMs,  the  actual 
volt.ige  on  the  slip-rings  leiug  varied  from  30;  to  ;,,-  v..Its  by  alierincr 
tile  circuits  ot  llu-  transformer.      The  i>,.riodicily  ot   the  supply  is  25  cyclel 
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per  second,  and  the  rotary  having  six  poles  runs  at  500  revolutions  per 
minute.  The  output  is  500  kilowatts  at  voltages  varying  from  500  to 
550  volts,  according  to  the  voltage  on  the  slip-rings.  The  continuous 
current  produced  is  used  for  tramway  and  power  purposes  in  the  iumie- 
diaic  neighbourhood. 


Fig.  6i3. — Armature  of  Weslingh' 11  .rf?  ^fj-j  K.W.  Rul.ity  L'-ri\erU!  and  K.-tor  i'!  Marlinj;  M   tor. 


It  h.is  already  been  pointed  out  that  machines  of  this  type  may  I'J 
used  as  continuous-current  and  alternate-current  generators.  It  is  also 
obvious  that  they  may  be  used  as  continuous-current  motors  or  as 
synchronous  alternate-current  motors  ;  and  further,  they  can  be  so  used 
as  motors  at  the  same  time  as  they  are  acting  as  rotarj'  converters. 
When  used  as  motors  either  a  pulley  must  be  mounted  on  the  shaft  or 
there  must  be  some  other  means  provided  for  tapping  off  the  mechanical 
power  required. 

Motor  Converters. — More  recently  large  machines  intermediate 
between  cotipled  plant  ar.d  a  rotary  converter  have  been  built  for  the  con- 
version of  alternate  into  continuous  current  energy.  In  the  coupled  plant 
the  energy,  say,  of  a  synchronous  alternate  current  motor  is  first  converted 
into  mechanical  energy,  which  is  delivered  to  the  common  shaft  of  the  two 
machines,  and  this  energy  being  absorlx'd  by  the  armature  of  the  con- 
tinuous current  generator  is  by  it  converted  into  continuous  current 
energy.  In  a  rot.Aiy  converter  part  of  the  energy  is  transferred  from  the 
slip  rings  to  the  commutator  by  a  motor  and  g«r.erator  action  in  the 
common  armature  and  part  by  electrical  conduction,  since  there  is  con- 
ducting communication  between  the  rings  and  the  commutator. 
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The  vuifcr  to^ivcrlcr  i-,  iiitcinit  (ii.ite.  In  it  the  altirnate  current  eiuigy 
is  siij)j)licd  to  tJie  stator  i)(  an  inchution  motor  witli  a  wmnu'  rotor;  the 
windings  of  the  lotor  arc  connected  to  tlie  windings  of  the  armature  of  a 
continuous  current  genirator  un  the  same  shaft  and  from  tlie  commutator 
ol  this  generator  continuous  current  electric  energy  can  be  drawn  in  the 
u>ual  way.  The  method  was  devised  by  Herren  Bragstad  and  La  Cour, 
and  their  thagram  in  e.\i)lanation  of  it  is  given  in  Fig.  619.  In  this  chagiam 
the  three  coils  s  represent  the  three-])hase  windings  of  the  stator  of  an  in- 
duction motor  and  the  time  coils  r  the  rotor  windings  of  the  machine  con- 
nected in  the  usual  way  to  the  starting  resistances  k,  through  tne  slip 
rings  r.  The  other  ends  of  the  rotor  windings  are  shown  connected  by  con- 
ductors which  are  carried  along  the  shaft  to  the  conductors  of  the  annature 
G  of  a  bipolar  generator  of  which  K  is  the  commutator  and  F  represents 
the  field  magnet  winding.     The  continuous  current  load  is  represented  by  l. 


o-TTiTiriP-i 
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Fig.  619. — Diagram  of  the  Connections  of  a  Motor  Converttr. 


Both  the  motor  and  the  generator  may  be  multipolar,  suitable  modifications 
being  made  in  the  connections.  Also,  iastead  of  the  rotor  being  wound 
three-phase,  it  may  be  wound  with  6,  9,  12,  or  more  phases  for  connection 
to  the  armature,  and  this  modificaticn  is  adopted  in  recent  large  machines. 

Suppose,  now,  the  machines  to  have  the  same  number  of  poles  and  the 
rotor  of  the  motor  to  be  run  at  one-half  the  synchronous  speed.  Tfie  "  slip  " 
w  ill  then  be  50  pi^r  cent.,  and  alternate  currents  of  half  the  periodicity  of  the 
supply  current  will  be  generated  in  the  rotor  and  fed,  without  the  inter- 
vention of  slip  rings  in  to  the  armature.  The  annature  is  also  driven 
meclianically  as  a  generator  by  the  motor,  and  in  the  case  supposed  about 
one-half  the  energy  absorbed  by  the  motor  will  be  transfern  d  to  the 
generate.,  mechanically  along  the  shaft,  whilst  the  other  half  will  be  trans- 
ferred from  the  stator  to  the  rotor  by  electro-magnetic  induction,  and  will 
be  conducted  by  the  connecting  wires  to  t'  .■  armature  in  which  the  rotary 
converter  action  will  transform  it  into  continuous  current  energy. 

Three  motor  converters,  each  capabi.  of  dealing  with  500  kilowatts, 
are  shown  in  Fig.  620,  installed  in  a  sub-station  at  Manchester.  These 
machines  were  built  by  Messrs.  Bruce,  Peebles  and  Co.,  of  Edmljuigh. 
Tl'.e  induction  motors,  with  their  starting  resistances,  art-  ^hown  (>n  the 
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right,  and  the  <(imhini-fl  ftiiitiiiu.ms  i  urrciit  gniciatiT  aihl  H't.irv  r(i;i\.  ritr 
on  till'  kft.  The  stator  ot  the  motor  tako>  tiirniit  -it  *>.3()0  volt-  (iiroct 
Irom  the  liigh-i'rcssure  mains.  The  rotor  is  a  little  :)vrr  40  inches  in  (ii.mnter 
and  has  a  twelve-phase  wiiuhng  whieh  su|i|ilies  current  to  the  .uni.itnre 
of  the  rotary  converter.  There  are  ni.iii\  interesting  teihnieal  jn'int-,  in 
connection  with  these  machines  which  will  1m'  dealt  with  later. 


Im.  fj^n.  -Moior  Converters  in  use  in  a  Sublet. n    n. 


-»  Permutators.— Tlieiu  is  still  another  type  of  kinetic  transfornvr  in 
which  the  moving  parts  are  only  a  set  of  revolving  bnish.-s  and  the  motor 
necessary  to  drive  them.  Imagine  the  windings  of  the  >tator  of  an 
induction  motor  connected  to  the  bars  of  a  commutator  similar  to  th.u 
used  on  a  continuous  current  machine  but  stationary.  If  nnw  the  alternate 
currents  supplied  set  up  a  rotating  field  in  the  stator  the  point>  of 
ma.ximum  and  minimum  electric  potential  will  similarly  rotate  round  the 
commutator,  and  if  a  set  of  brushes  can  be  made  to  rotate  in  step  and  be 
properly  adjusted,  these   brushes   will  !,c   maintaHied   at   a    mure   or    less 
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constant  diffcunce  oi  potential  and  continuous   or   undirectional  currents 

can  be  drawn  from  them  by  mea    ;  of  slip  rings. 

This  idea  has  been  developed  by  MM.  Rouge  and  Paget  in  France, 

Their  machine,  which  is  shown  half  in  elevation  and  half  in  section  in 

Fig.  621,  has  a  vertical  spindle, 

1^  I pe  r- —  -fj^m^  which     carries     the     rotating 

/VZ_— __     '  ^-JiFlJl/N.  brushes    B    and    the    rotor    R 

f  1^       X-     ]-^ln^__J^^^  which  drives  them.    The  stator 

s  is  very  similar  to  that  of  an 
induction  motor,  its  windings, 
however,  being  connected  as 
she  wn  to  the  commutator  bars 
c.  The  shaft  passes  up  through 
*  r  ,mmutator,  and  the 
;  and  slip  rings  are 
.to  spiders  keyed  on 
I        .iC    .op. 

The  windings  of  the  rotor 
are  partly  short-circuited  and 
partly  connected  to  the  slip 
rings  and,  therefore,  to  the 
brushes.  The  first  set  of 
windings  enable  it  to  start 
as  a  short-circuited  rotor  of 
an  ordinary  induction  motor, 
whilst  the  second  set,  taking 
current  from  the  slip  rings 
when  synchronism  is  nearly 
attained,  force  the  rotor  up 
to  the  synchronous  speed  at 
which  when  attained- and  main- 
tained there  will  be  no  current 
in  the  short  circuited  windings. 
The    machine   shown    in    Fig. 

621  has  a  capacity  of  150  kilowatts  und  runs  sparklessly  at  all  loads.     As 

in  the  rotary  converter,  there  is  a   definite  relation  between  the  voltage 

of   the   alternate   current   supplied   and   the   voltage   of   the  continuous 

ctirrent  produced. 


Fig  6ji  — The  RougcFaget Permutator. 


645 


CHAPTER    XVIII. 

THE    ELECTRIC    DISCHARGE. 

We  now  return  to  the  consideration  of  a  most  interesting  branch  of  elec- 
trical science,  with  which  we  have  alreai'  /  partly  dealt,  but  the  further 
consideiation  of  which  was  postponed  until  the  simpler  properties  of  botli 
continuous  and  alternate  currents,  and  especially  their  differences,  had 
been  explained. 

The  group  of  phenomena  which  may  be  classed  under  the  term  "  The 
Electric  Discharge  "  is  an  exceedingly  complex  one,  and  takes  us  to  the 
root  of  the  question,  "  What  is  Electricity  ? "  The  main  principles  already 
ascertained  are,  however,  not  difficult  to  follow  ;  and  though  there  is  niucli 
upon  which  modern  science  has  not  yet  said  the  last  word,  a  rich  harvest 
has  been  gathered,  and  is  still  in  process  of  being  gleaned,  with  the  promise 
of  far-reaching  results; 

As  ordinarily  understood,  there  aie  two  principal  methods,  both  of 
which  were  in  use  during  the  greater  part  of  the  last  century  for  proflucing 
an  electric  discharge  either  in  air  or  a  paitial  vacuum.  The  oldest,  dating 
back  even  beyond  the  last  century,  is  by  niians  of  electrical  machines, 
especially  of  the  influence  type.  The  other  is  by  the  use  of  induction  coils, 
which  were  usually  of  the  battery  type.  In  both  casts,  the  brilliancy  and 
energy  of  the  'lischarge  are  increased  by  the  use  of  condensers  (see  page 
100),  either  of  the  Leyden  jar  or  other  pattern  ;  and  we  propose  to  con- 
sider first,  therefore,  a  little  more  closely  the  nature  of  the  discharge  from 
such  so-called  condensers. 

I.— NATVRE    OF   THE    DISCHARGE    FROM    A   CONDENSER. 

The  view  of  the  physical  action  of  condensers  which  has  been  placed 
before  the  reader  in  the  preceding  pages  [see  page  loq  et  seq.),  is  that  they 
are  storers  of  energy  in  the  electrostatic  form,  this  energy  being  stored  in 
the  dielectric,  which  is  thrown  into  a  state  of  strain  when  the  conden.ser  is 
charged.  ,  regards  many  of  the  associated  phenomena— including  thoa 
of  release  or  discharge — the  strained  dielectric  acts  like  a  mechanicallj 
strained  piece  of  elastic  material,  such  as  the  steel  strip  s  in  Fig.  azz.  In 
this  diagram  the  strip  is  represented  as  resting  on  a  horizontal  table,  and 
clamped  firmly  at  one  end  between  the  clamps  r.  c  ;  at  the  other  end  it 
carries  a  weight  w,  which  also  rests  on  the  table.     When  unstrained  the 
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strip  is  straiqht  and  lies  alm.j;  tin-  dutti-il  liiK-  r.  h  now  the  weight  w  ho 
drawn  to  one  side  as  shown,  the  steel  strip  is  l)ent,  strain-energy  l)ein^ 
stored  in  it.  If  the  weii^lit  w  he  released  the  strip  wiil  regain  its  original 
position  u  in  one  of  two  ways  :  either  (i.).  if  the  table  he  very  smooth,  it 
will  oscillatr  ahout  u  several  times,  mere  or  fewer,  like  a  swinging  pendulum, 
or  (ii.)  if  the  frictional  resistance  on  the  surface  of  the  ta!)le  he  sutficiently 
great,  it  will  move  slowly  to  its  p-osition  of  rest  without  overshooting  it, 
and  therefore  without  oscillation.  It  both  cases,  the  strain-energy  of  the 
spring  before  release  is  ■  ventually  used  up  in  frictional  heat,  generated  by 
the  rubbing  of  the  weight  on  the  table;  l)ut  in  the  first  case  this  energy 
oscillates  L.tween  strain-energy  in  the  spring  when  the  spring  is  at  rest  at 
the  ends  of  its  swing,  and  kinetic  energy  in  the  weight  as  the  spring  passes 

the  position  u,  whilst  at  each  oscillation 
some  of  the  energy  is  converted  into  heat 
ijy  Iriction. 

Electric  Oscillations.— As  long  ago 
as  1842  Professor  Henry,  during  his  ex- 
periments on  self-induction,  observed  that 
under  certain  circumstances  the  discharge 
of  a  condenser  is  oscillatory.  Independ- 
ently, in  1855,  and  as  the  result  of  a 
mathematical  investigation.  Lord  Kelvin, 
then  Professor  Thomson,  predicted  that 
the  discharge  would  be  found  to  be  either 
nni-directional  or  oscillatory,  according  as  the  resistance  r  of  the  dis  arging 
circuit  is  above  or  below  a  ertain  critical  value,  depending  on  the  other 
constants  of  the  apparatus.     The  critical  value  occurs  when 

•  =  VlF 

where  K  is  the  cajiacity  of  the  condenser  and  l  the  inductance  of  the  dis- 
charging circuit.  If  R  be  above  this  value,  then  the  discharge  is  uni- 
directional, and  is  similar  to  case  (ii.)  of  the  bent  spring  (Fig.  622) ;  whilst 
if  R  be  below  the  critical  value,  the  discharge  is  oscillatory  and  resembles 
case  (i.). 

To  explain  this  latter  case  physically,  we  may  suppose  that  when  the 
jar  is  discharged  through  a  wire  of  low  resistance  the  strain  is  so  rapidly 
removed  that  the  dielectric,  in  the  act  of  taking  up  its  unstrained  condition, 
swings  past  the  neutral  point  and  for  a  moment  assumes,  but  to  a  less 
extent,  a  strain  in  the  opposite  direction,  the  jar  being  therefore  negatively 
charged.  This  reversed  charge  is  then  discharged,  the  strain  is  again  re- 
versed, and  so  on.  Another  and  better  explanation  is  that  since  the  dis- 
charging circuit  sets  up  magnetic  strains  in  the  surrounding  medium,  and 
tlie  current  is  at  a  maximum,  except  for  phase  lag,  at  the  moment  when  the 
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jar  i>  tlisili,iri;'cl  or  tiii>tr.iine(i,  the  slraiti-'.'inT.'y  uMiil.itt  s  Ixtwi'tii  tlic  eltc- 
trnstatic  torm  iti  the  dulectiic  of  the  coiuliiisir,  ami  tin'  i  lictro-iuaqiictir 
lorm  in  the  luediiiiu  surnmndit)!,'  the  dischaitjiiiiz  i  ir  uit  ;  whilst  iliirin;,'  ca>  h 
<■*!  illation  a  certain  fraction  of  the  energy  available  !•*  cniiMTit  1  triitinnallv 
ii;to  heat  bv  the  resistance  of  the  wire.  The  periodu  tiiiic  i  ot  thi'  i>-i  illa- 
tions is 


^iveii  !iy  the  eijuatii-n 

T  = 


>    K  r.      4L' 

If  in  any  t;i\on  case  K  and  r  be  con-lant  and  R  be  L;railuallv  itic  reaped.  T 
will  get  lonf^er  and  Ioniser  until  at  the  critii  al  value  the  denominator  van- 
ishes and  T  becomes  infinite.     An  important  special  c.i~e  occurs  when  the 

"^liinator  becomes 


ni  I     the  inriodic 


lo"    L 


.J  L 


ipieidlv 
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resistance  r  is  so  small  that  the  second  term  ni  the 
negligible  in  comi)arison  with  tli'-  first  term.     1  he  e'lua', 
time  then  becomes  ^       ,         ,:.- 

As  an  e.xample  we  may  suppose  K  to  i  e  i  r        ilarad  { 
to  be  10  millihenries  (=  lo  '  lienr\),  in  which  ca>e 

T  —     —T  —  'oooUi 
lo'  •* 

or  less  than  one-thousandth  of  a  second. 

The  phenomena  pretlictetl  by  Lord  KeUin.  and  sub- 
lioft  and  Hchnholf/.  have  been  e.xperimentally  examined  b\    . 
Schiller,  Wullner,  Blaserna    and  others,  and  the  prediction-.  ha\e  i 
pletelv  verified.     By  usintr  a  swinging  pendvdum  to  tl"-e  and  <■ 
necessary  contacts,  Feddersen  was  able  to   arrest   the   discliari;' 
predetermined  sliort  interval  of  time  after  it  had  started.     He  thus  o! 
the  data  to  plot  the  curve,  showing  the  history  of  the  discharge,  an 
examine  how  nearly  this  curve  expressed  the  predictions  of  the  .ry 
only  qualitatively,  but  also  quant-tatively.     Feddersen  further  showed  li 
as  the  resistance  is  increased  the  discharge  ceases  to  be  oscillatory,    i 
becomes  continuous  with  an  appreciable  duration.     With  still  hiutier  re>i-' 
ances  the  discharge,  e.xamined  with  a  rotating  mirror,  consisted  of   inter 
mittent  sparks,  which  were  all  in  the  same  direction,  the  later  ones  being 
due  to  ''residual  charge''  {see  page  125). 

-  Towards  the  end  of  the  last  ccniur\  strikii'g  experiments  on  Leyden 
jar  and  condenser  discharges  were  made  with  vacuum  tubes  by  Professor 
(now  Sir)  J.  J.  Thomson  ;n  England  and  Professor  Ellihu  Thomson  and 
Mr.  Nikola  Tesla  in  America  As  we  shall  explain  presently  (page  671), 
the  presence  of  an  electric  current  under  certain  conditions  in  one  of 
these  tubes  renders  it  luminous.  Fig.  623  illustrates  one  of  the  experi- 
ments made  by  Sir  J.  J.  Thoiuboii.  A  gla>s  lube  .acca'  coiled  intr- 
a  spiral  and  containing  mercury,  surrounds  an  exhausted  bulb  I:.      When 
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this  spiral  is  made  part  of  the  discharge  circuit  of  a  Leydcn  jar,  the  Li:! .  b 
becomes  luminous  durini;  the  discharge  of  the  jar.  This  effect  is  due  t: 
induction,  and  to  the  fact  that  the  dischar>,'f  of  a  Leyden  jar  is  oscillatory, 
consisting  of  gradually  diminishing  currents  alternately  in  opposite  direc- 
*  tions.     As  these  currents  surge  backwards  and  forwards  in 

^  the  spiral  a  c  c  a'  induced  currents  are  set  up  in  the  con- 
*  ducting  space  inside  the  exhausted   bulb    b,  and    these 
indiKt.ii    currents   arc   sutfitient   to   make    the    bulb  glow 
quite  perceptibly. 

When    the    account    of    these    experiments    reached 

America,  Professor  Elihu  Thomson  and  Mr.  Nikola  Tesla 

published  accounts  of  experiments  which  they  had  already 

independently  made  in  the  same  direction.     Fig.  1.^4  shows 

r.if  fn -J.  J.  Thorn.   *"  experimi  it  made  by  Professor  Elihu  Thomson.     B  is  an 

S"u.ou,  tKX  exhausted  ^lass  vessel  having  the  form  of  ::n  a.-.-^hor  nng  : 

J  is  a  Leyden  jar,  the  inner  coatin;,'  of  which   ;s  joined 

to  one  terminal  t  of  a  Holtz  induction  machine.     The  other  terminal  t' 

of  the  machine  is  connected  to  the  outside  of  the  jar  by  a  heavily  .nsulated 

w-  :  A  a'  artlv  coiled 
underneath  theexhausted 
^  vessel  B.  On  work- 
ing the  machine  it  was 
found  that  at  every  dis- 
charge between  the  ter- 
minals T  t'  a  band  of 
light  appeared  in  the 
vacuous  ring  b,  due  to 
the  induction  of  the  surg. 
ing  currents  in  the  coiled 
wire  beneath  it. 

It  will  be  noticed  that 
in  both  these  experiment* 

Fit.  6:4 — Elihu  Thomson's  E.pcriment  wiiSoiil  Electrodes.  ^^^     VaCUUm       tubeS     are 

without  any  electrodes  or 

conductors  passing  through  the  glass,  and  that  the  effects  produced  are  entirely 

due  to  actions  propagated  through  the  medium,  consisting  of  air  and  glass. 

Further  and  conclusive  experiments  on  the  oscillatory  nature  of  the 

discharge  of  condensers  will  be  described  presently. 

II.-CONTACT  BREAKERS  OK   IXTERRLPTERS  FOR   BATTERY  INDUCTION  COILS. 

The  rapid  development,  during  the  last  few  years,  of  the  prarti'-al 
application^  of  the  electric  discharge  has  led  to  much  attention  being  paid 
I.)  the  old  battery  induction  coil  (page  427),  and  especially  to  the  enhance- 
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ment  of  the  disruptive  efftcts  in  Xhc  secondary  circuit  by  improvemtiits 
in  the  form  and  method  of  breaking  the  l>attery  circuit,  or  otherwise  pro- 
ducing th''  necessary  variations  in  the  flow  of  the  primary  curreat.  I'.oiore, 
therefor  describing  these  disruptive  effects,  it  will  be  convenient  to  con- 
sider some  of  these  devices,  and  to  take  up  this  part  of  the  subject  at 
the  point  at  which  it  was  left  on  page  413 

It  will  be  remembered  that  the  voltatje  inductively  produc  ,i  in  the 
•ecor.dary  circuit  of  the  coil  dejiends  not  on  the  total  ihaiigc  of  the  current 
in  the  primary  circuit  so  niii^h  as  on  the  rale  of  chan!;e  of  this  current. 
Therefore  the  effectiveness  ot  the  breaking  arrangement  or  other  device 
used  for  varying  the  primary  current  depends  upon  the  rapidit\  with  which 
any  giv'     change  is  accomplished. 

The  ;ff  hammer  (n  in  Figs.  3)4  and  315)  has  obvious  drawbacks  at 
B  meth(  f  opening  the  contact  b  rapidly.  A  heavy  mass  of  metal  11  has 
(o  1  •:  set  in  motion,  and  the  natural  period  of  v'bration  of  this  mass  and 
ihc  spring  on  which  it  is  mounted  have  to  be  taken  into  account.  Fyrthc  . 
1  c  spark  which  is  produced  at  the  point  b  as  the  circuit  is  opened  tends 
K  destroy  the  etficiency  of  the  contact  on  re-closing,  though,  for  reaso'is 
•ilrcady  given,  the  placing  of  a  condenser  across  the  gap  diminishes  the 
destructiveness  of  these  spa'ks.  Notwithstanding  these  drawbacks,  how- 
ever, a  carefully  designed  and  constructed  Nieff  hammer  wili  hold  its  ow;» 
against  some  more  modern  forms  of  contact  breakers. 

These    modern    form-,    for   convenience    in  descri.  ing    them,    may    l)e 
classified  as  follows  : — 

(a)  Those  in  which  the  break  is  made  in  a  gas  (including  air  breaks) 

either  at  full  atmospheric  pressure  or  less. 
(6)  Those  in  which  the  break  is  made  in  an  insulatin;^  litjuid. 
(c)  Electrolytic  contact  breakers. 
The  Nieff  hammer  may  be  taken  as  the  most  widely  used  of  the  first 
class  (a).     To  diminish  the  viciousness  and  destructiveness  of  the  »;)ark 
the  Macfarlane  Moore  c  intact  breaker  has  its  armature  anrl  spark  gap 
enclosed  in  a  vacuum  and   operated  on  by  an   external  electro-mai^U't. 
Contact  breakers  of  this  class  cannot  be  used  for  long  periods  on  coils 
giving  sparks  longer  ihan  about  ten  inches.     The  voltage  in  t!ie  primary 
should  not  exceed  20  volts. 

In  class  (6)  there  are  a  great  number  of  contact  breakers.  Most  of 
them  work  by  interrupting  the  circuit  at  the  junction  bei^vccn  a  solid 
metal  and  liquid  mercury,  the  oxidation  of  the  latter  being  prevented  by 
immersing  the  junction  in  some  insulating  liquid,  such  as  alcohol  or  petro- 
leum. The  former  has  the  advantage  that  it  does  not  form  an  emulsion 
«  len  the  break  is  worked,  but.  being  volatile,  it  evaporates  rather  rapidly, 
whilst  the  latter  is  less  volatile,  but  forms  an  emulsion,  which  necessitates 
cleansing  the  mercury  from  time  to  time.     In  the  majority  of  cases,  the 
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\^A-  6-5.— Motor-Driven  Interrupter. 


t  ontact  breaker  is  worked  by  a  small  or  a  toy  electric  motor,  driven  either 
from  a  separate  source  of  electric  energy  or  from  the  same  source  from 

which  the  primary  current   is 
derived. 

A  pood  nattern  of  such  a 
motor  circuit  breaker  for  con- 
tinuous currents,  as  made  by 
Messrs.  Newton  anvl  Co.,  is 
shown  in  Fig.  f.25.  We  have 
dealt  so  fully  with  electric 
motors  that  we  need  only 
explain  that  the  motor  h  is 
series  wound  for  the  voltage  to 
be  used,  and  has  its  current 
controlled  by  the  resistance  R, 
s  being  the  motor  switch.  The 
shaft  of  the  motor  rotates  a 
disc  D,  a  crank-pin  on  which, 
by  means  of  an  ivory  connect- 
ing rod,  noves  a  shaft  h  verti- 
cally up  and  down.  The  lower  part  of  tliis  shaft  is  shown  in  Fig.  626, 
which  represents  a  cross  section  of  the  box  on  which  the  motor  stands! 

The  bottom  part  of  the 
box  is  divided  by  a  wooden 
fillet  /  into  two  trouj^hs, 
each  containing  mercury  to 
the  same  level.  The  break 
in  the  primary  circuit  occurs 
between  these  troughs,  and 
the  current  is  made  or 
broken  according  as  the 
ends  of  the  copper  spanner 
c  c  c  c  carried  by  h  are  or 
are  not  simultaneously 
dipping  into  the  mercury. 
The  level  of  the  mercury 
can  be  adjusted,  and  there- 
fore the  length  of  time 
that  the  primary  circuit  is 
or  lowering  a  wooden  block  w  w, 


Fig.  6iO — Contact  Puints  in  Interrupter. 


"made"  can  be  controlled,  by  raisin^ 

shown  by  dotted  lines,  and  which  can  be  manipulated  when  the  motor  is 
running  by  means  of  the  screw  l  (Fig.  (,z^)  on  the  outside  of  the  box. 
A  circuit  breaker  (made  by  the  same  firm)  for  use  with  alternate  currenU 
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is  sliown  in  Fig.  0J7.      The  motor  has  a  bipolar  latninatcil  stator  and  a 
shuttle  wound  rotor  with  a  si)lit   ring   coinnuitator.     These  are  connected 
in  series,  and  when  tlie  speed  of  the  motor  is  the  same  a.s  the  perioilieity 
of  the  supply  circuits,  the  contacts  of  the  rotor  chaise  over  at  the  same 
instant  as  the  reversal  of  the  current.    The  polarity  of  the  rotor,  therefore, 
remains  unchanged,  and  we  have 
a   synchronous   motor    which    is 
elf-starting,    with    currents    in- 
duced  in  the  iron  of   the   rotor. 
The  motor  can  also  run  well  at 
one-half  or  one-quarter  the  speed 
of  synchronism,  the  change  of  the 
rotor  contacts  being  always  made 
us  its  poles  pass  the  poles  of  the 
stator.      This  motor  drives   two 
"  dippers,"  each  similar  to  that 
shown  in  Fig.  626,  and  one  at  each 
end  of  the  shaft.     These  can  be 
80  adjusted  that  when  running  at 
halt  speed  one  break  is  obtained 
in  every  complete  alternation. 

An  induction  coil  will,  of 
course,  work  with  alternate  cur- 
rents, being  merely  a  static  transformer,  but  for  certain  purposes,  as  we  shall 
see  presently,  it  is  desirable  that  the  discharge  from  the  secondary  ter- 
minals should  be  unidirectional.  This  can  only  be  obtained  with  a  pulsating 
current  in  which  the  rise  is  gradual  and  the  fall  abrupt  or  vice  versa.  The 
above  contact  breaker  can  be  so  adjusted  that  the  circuit  is  closed  for  a 
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quarter  period  only,  say  during  the  rise  of  the  ^-""  current  from  a  to  b 
(Fig.  62'^V  At  B  the  circuit  is  sharply  broken,  and  the  current  abruptly 
falls  and  remains  at  zero  until  the  circuit  is  made  again  at  .\'.  Thus 
the  alternate  current  wave  aaaa  shown  by  the  fine  line  is  converted  into 
the  pulsating  current  wave  shown  by  the  thick  line  p  p  p  p-  The  rapid 
fall  or. break  combined  with  a  sufficient  length  of  spark-gap  in  the 
secondary  circuit  gives  tlie  desired  unidirectional  discharge. 
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In  other  forms  of  contact  breakers  of  this  type-the  Mackenzie-David- 
son, for  instance— a  motor-driven  revolving  blade  dips  into  and  makes 
contact  with  mercur>'  during  a  part  of  its  revolution.  A  sliding  contact 
on  the  revolving  shaft  completes  the  circuit,  and  the  number  of  breaks 
per  second  can  be  controUed  by  regulating  the  speed  of  the  driving  motor 

In  all  these  forms  of  dipping  contact  breakers  it  may  happen  that  when 
the  motor  stops  the  dipper  is  in  the  mercury,  and  the  primary  circuit  is 
left  closed  at  the  contact  breaker.  Serious  consequences  may  sometimes 
ensue,  especially  when  the  primary  current  U  being  drawn  from  electric 
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Fit;  6:9  —Mercury  Jet  Inlerruptw. 

lighting  circuits.  The  evil  is  easily  guarded  against  by  properly  designing 
the  switching  arrangements  so  that  it  shall  be  impossible  to  break  the  motor 
circuit  without  simultaneously  breaking  the  primary  circuit.  It  is  further 
desirable  that,  when  starting  up,  the  motor  for  the  contact  breaker  should 
receive  current  first,  and  that  the  primary  circuit  should  not  be  closed 
until  the  motor  is  driving  the  contact  breaker  at  a  proper  speed.  This 
also  can  be  easily  arranged. 

A  form  of  internipter  which  automatically  avoids  the  above  difficulty 
is  the  "  mercury  jet "  contact  breaker,  invented  by  M.  Levy  in  1899. 
The  method  of  working  is  shown  in  Figs.  629  and  630.*  A  horizontal 
metal  disc  ^f  (Fig.  630)  is  mounted  on  a  vertical  spindle,  which  is  driven 
in  some  simple  manner  by  an  electric  motor,  as  .'•hown  in  Fig.  629. 
•  Illustrations  lent  by  Mr.  A.  W.  Isenilial. 


Jet  Interrupters. 
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Fixed  to  the  rim  of  the  disc  are  a  series  of  vertical  teeth  f,  which  can  be 
cut  to  any  desired  shape,  but  are  usually  long  triangles  with  the  apex 
downwards.  Lower  down  the  vertici.!  shaft  drives  a  small  displacement 
pump  which  is  immersed  in  the  mercury  lying  in  the  bottom  of  the  cuamber, 
the  mercury  not  being  high  enough  to  reach  the  prongs  of  the  revolving 
disc.  WTien  the  shaft  revolves  the  pump  drives  some  of  the  mercury 
into  a  vertical  tube  and  discharges  it  from  a  horizontal  nozzle  n,  which  can 
be  adjusted  with  its  orifice  at  any  desired  level  opposite  the  revolving 
teeth.  The  result  is  that  the  teeth  cut  throuLih  the  fine  ict  of  mercury 
and  contact  is  made  when  the  mercury  impinges  on  a  tooth,  and  broken 
when  it  passes  through  the  openings  between  the  teeth.  The  ends  of  the 
primary  circuit  are  electrically  connected  to  the  teeth  and  the  mercury 
respectively,  and  there- 


fore  by  varying  (i.)  the 
speed  at  which  the  disc 
is  driven,  (ii.)  the  shape 
and  distance  apart  of 
the  teeth,  or  (iii.)  the 
position  of  the  nozzle 
which  discharges  the 
mercury  jet,  any  de- 
sired rapidity  and  form 
of  break  may  be  ob- 
tained. For  instance, 
the  frequency  of  the 
interruptions     can     be 


FiK.  630 -Mercury  Jet  Interrupter, 


pushed  to  many  thousands  per  second  (72,000  ha%-e  bee  i  claimed),  and, 
since  the  fraction  of  the  full  period  during  which  contact  is  made 
can  be  altered,  the  mean  current  strength  is  perfectly  under  control 
from  zero  to  the  maximum  when  the  interruptic.is  cease.  As  soon  as  the 
speed  of  the  shaft  drops  below  a  certain  number  of  revolutions  per  minute 
or  stops,  the  mercury  jet  ceases  and  the  primary  circuit  remains  perma- 
nently broken  until  the  minimum  speed  required  to  pump  the  mercury 
up  to  the  nozzle  is  again  attained.  In  the  most  recent  forms  it  is  possible 
to  alter  the  position  of  the  jet  whilst  the  spindle  is  running,  which  enables 
the  operator  to  control  the  secondary  circuit  discharge  in  a  simple  and 
easy  manner. 

Thermal  or  Electrolytic  Interrupters.— Early  in  1890  a  new  method 
of  producing  an  mtermittent  current  in  a  continuous  current  circuit  was 
discovered  by  A.  Wehnelt.  It  had  long  been  known  that  if  one  of  the 
electrodes  of  a  voltameter  be  made  very  small  this  electrode  becomes 
luminous,  and  that  the  effect  shows  signs  of  intermittance.  To  investigate 
this  interniitt.    :e  Wehnelt  arranged  a  voltameter  in  a  beaker  a  (Fig.  631) 
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of  dilute  sulpliuric  acid,  with  a  It-ad  piate  b  lor  one  electrode,  and  with 
a  fine  platinum  wire  c  for  the  other  electrode.  Current  wa?;  conducted  to  the 
wire  .;  by  mercury  contained  in  the  small  tube  d,  through  the  dosed  end  of 
which  the  platinum  wire  was  sealed.  On  passing  a  cu.rent  of  6  amperes 
at  20  volts  through  the  voltameter  and  the  primary  of  an  induction  coil,  he 
found  that  the  voltameter  gave  about  i.ooo  interruptions  per  second  with 
remarkable  regularity,  and  that  with  the  primary  current  so  interrupted 
he  obtained  sparks  i6  inches  long  between  the  secondary  terminals.  The 
platinum  wire  was  in  all  cases  the  anode,  and  no  condenser  was  required. 
This  important  discovery  immediately  attracted  a  great  d'>al  of  :.ltention, 
and  numerous  experiments  were  made  with  very  little  delay.  It  soon 
became  apparent  that  the  working  of  such  a  contact  breaker  was  not  so 
simple  as  was  at  first  supposed.  For  instance,  it  was  found  that  unless 
there  was  inductance  in  the  circuit  the  interrupter  would  not  work.     In 

^^Vehnelt's  experiments  the  inductance  of  his  primary  coil 
r"^  _ippea.s  to  have  been  sufficient,  but  other  experimenters 
were  not  so  fortunate.  The  fact  that  a  condenser  is  un- 
necessary can  be  explained  by  the  known  condenser  effect 
which  a  voltameter  shows  when  subjected  to  varying  p.  d.'s, 
the  interrupter  thus  acting  both  as  an  interrupter  and  a 
condenser.  In  such  a  case  the  periodicity  of  the  interrup- 
tions might  well  be  expected  to  depend  on  the  inductance 
and  capacity  of  the  circuit,  but  it  was  also  found  to 
depend  on  the  E.  M.  F.  in  the  circuit.  Further,  if  an 
alternate  current  were  used,  the  current  very  often  only  passed  in  one 
direction. 

D'Arsonval  explained  the  action  in  this  way.  By  the  passage  of  the 
heavy  current  used  the  platinum  point  is  made  white-hui  and  a  layer  of 
non-conducting  vapour  is  formed  round  it,  interrupting  the  current.  The 
vapour  then  condenses,  the  circuit  is  again  closed,  the  current  re-starts,  and 
the  process  is  repeated.  This  theory  is  supported  bv  the  fact  that  it  the 
liquid  b*-  heated  to  90°  C.  the  interrupter  does  not  act,  the  vapour  being 
no  longer  condensed  ;  but  if  it  be  correct  tnere  is  no  electrolvtic  action. 
It  may,  however,  be  pointed  out  that  a  gaseous,  non-conducting  envelope 
can  be  formed  by  electrolysis,  and  the  current  thereby  interrupt-  1  ;  tlie 
sudden  interruption  causes  a  rapid  inductive  rise  of  p.d.  at  the  breaks 
and  this  hifih  p.  u.  may  cause  a  spark  discharge,  which  dissipates  the 
electrolytic  gas  and  again  establishes  the  circuit. 

At  first  it  was  thought  that  the  interrupter  would  only  work  when 
the  fine  wire  is  the  anode,  but  by  careful  adjustment  interruptions  of  about 
half  the  frequencv'  can  be  obtained  when  it  is  the  kathode.  Further, 
Caldwell  discovered  in  1S99  that  the  interruptions  can  be  transferred 
from  the  electrodes  to  a  small  aperture  in  an  in?i:!atin;    .ar.ition  scpar- 
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atiiig  the  voltameter  into 
two  sections  each  coatain- 
ing  an  electrode.  Two 
forms  of  his  interrupter 
are  shown  in  Figs.  033 
and  633  respectively.  In 
Fig.  632  the  vertical  parti- 
tion separating  the  vess"! 
into  two  parts  contains  a 
hole  in  which  is  placed  a 
plug  with  a  small  orifice, 
whilst  in  Fig.  633  the  com- 
munication between  the 
two  parts  of  the  vessel  is 
by  means  of  a  small  hole 
in  the  glass  test-tube  immersed  in  the  outer  vessel.  It  may  be  pointed 
out  that  in  this  form  of  interrupter  it  is  probable  that  the  action  is  purely 
thermal.    The  Ireijuency  of  the  interruptions  was  pushed  as  tar  as  40a 

or  500  per  second.  A  similar  interrupter 
devised  by  Mr.  Campbell  Swinton,  and 
having  the  size  of  the  aperture  adjust- 
able, is  shown  in  Fig.  634,  The  elec- 
trodes c  and  D  are  lead  sheets  placed  d 
the  outer  vessel  a  a  and  c  in  the 
.ass  tube  or  cylinder  n,  in  the  bottom 
of  which  is  a  circular  aperture  1:,  3  or 
4  millimetres  in  diameter.  .■X  conical 
glass  rod  or  stopper  :  passes  through 
the  aperture,  and  can  be  moved  up 
and  down  by  the  screw  11  to  which 
it  is  fi.\ed.  The  ettcctive  size  of  the 
opening  at  E  depends  on  the  jiosition 
of  F.  It  was  found  that,  with  a  given 
D  inductance  and  voltage  the  current 
and  the  periodicity  could  be  varied 
within  wide  limits.  An  ovcrtlow  j  is 
provided  in  the  inner  tube,  as  it  is 
found  that  the  liquid  rises  in  this  tube 
when  the  interrupter  is  working. 

Tlie  frequency  and  current  can  also 

be   controlled    in    interrupters  of    the 

original  form  by  altering  the  length  of 

0}4.-Swinion-s  Mcjification  of  Wehneiti     ^Up  platiiium  wirc,  and  thc  interrupters 
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of    this   type  generally   have   some   method 
of  adjusting    this    length.      Such  an   inter- 
rupter,   described    in    1900  by  W.  A    Price 
in    the    New    York    Electrica!   Rfv'icw,    is 
shown    in    section    in    Fig.    635,   which    is 
almost  self-explanatory.    The  essential  part 
IS  that  a  short  piece  of  platinum  wire  at- 
tached to  a  longer  piece  of  brass  wire  passes 
down   through   a  pipe-clay  stem,  and    the 
length  exposed  m  the  liquid  can  be  varied 
by  drawmg    the    wire  up  or  down       T'vo 
wires   are    provided,   so    that    by  switching 
over  from  one  to   another  the  character  of 
the  discharge  in  the  secondary  circuit  can 
be   quickly  changed.      This  is   convenient, 
because  the  interrupter  makes  so  much  noise 
that  with  nervous  patients  it  is  found  ad- 
visable to  place  it  in  a  distant  room.    The 
switches  in  the  two  circuits  are,  of  course, 
in   Fig.  635   the  other  electrode  is  a  sheet  oi 


placed  near  tlie  operator, 
lead  bent  at  right  angles. 


plenty  of  sulphuric  acid.     This 
IS  to  prevent  the  temperature 
Irom  rising  rapidly,  as  it  would 
if"  only  ;i  small  qumtity  J  acid 
were  present.    It  has  been  men- 
tioned tint  when  the  tempera- 
ture 01    the  liquid  approaches 
100°  C.  the  interrupter  will  not 
work.      Two  such    forms  with 
adjustable  platinum  electrodes, 
as   constructed  by  Messrs.' 
Isenthal  &  Co.,  are  shown   in 
Figs.  6;.6  and  637.    The  former 
has  a  single  platinum  point,  and 
the  Litter  has  three,  which  can 
be  adjusted  differently  and  used 
as  explained  above  ;   near  the 
top  of   each    tube  is  a  small 
discharge    pipe    to    act    as  an 
overflow,    for    reasons   already 


Fig  636.-W.Unell  Interrupter  ui.h  .djus.ahlo  eIe«rod.. 
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given.  In  other  forms  special 
devices,  such  as  water  coolingj 
etc.,  are  used  to  keep  the 
temperature  from  rising. 

Tesla  Higrh-Frequency 
Interrupters.— By  inserting 
in  the  discharge  circuit  of  a 
condenser  placed  in  the 
secondary  ci:cuit  of  an  in- 
duction coil  the  primary  of 
another  coil,  currents  of  very 
high  frequency  (probably  of 
a  periodicity  of  many  milUons 
per  second)  can  be  obtained. 
The  arrangement  is  shown  in 
Fig.  638,  in  which  A  is  an 
ordinary   induction    coil,    in  ^ 

the  primary  circuit  of  which  ^g.,,,,^.^,,  ,„,.^p,„  .^.^  ,»,,„  ^j„«.u,  .^c^d-. 
there    is  one   of    the   inter- 
rupters already  described.    The  wires  s  s   from   the  secondary   terminals 
are  led  to  the  two  sides  of  a  spark  gap  g,  to  which  plates  c  c  are  attachec" 

to  give  capacity.  The  two  sides  of  the  gap 
are  also  connected  to  the  primary  ^  of  an 
ironless  Tesla  transformer  (see  Fig.  400)  im- 
mersed in  an  oil  vessel.  The  oscillations  in 
the  gap  g  are  very  rapid,  as  also  are  the  oscilla- 
tions in  p,  and  therefore  from  the  secondary 
terninals  of  this  transformer  very  high  fre- 
que  'Ly  currents  can  be  obtained. 

A  more  recent  arrangement,  the  result  of 
the  researches  of  D'Arsonval,  Oudin,  and 
others,  is  shown  diagrammatically  in  Fig.  639, 
whilst  Fig.  640  gives  the  actual  apparatus. 
The  induction  coil  a  (not  shown  in  Fig.  640), 
worked  in  the  ordinary  way,  has  its  secondary 
terminals  connected  to  the  spark  gap  g  con- 
tained in  the  box  G.  The  knobs  of  the  spark 
i-ig.63«.-Diigr»mrfTesUApp«rataj  gap  are  connected  to  the  inner  coatings  ■{  the 

Leyden  jars  L  L  through  their  knobs  c  c.  The 
outer  insulated  coatings  of  the  jars  are  connected  through  the  spiral 
s  of  stiff  copper  wire,  from  one  point  of  which  a  movable  contact  K 
makes  connection  to  the  end  of  a  second  open  spiral  r  of  bare  copper  wire 
wound  on  a  wooden  frame.    This  spiral  is  called  by  its  inventor,  Oudin,  a 
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usonator,  and  it  is  sometimes  made  so  large  that  a  lull-grown  man  can  U 
placed  inside.  Its  distant  end  is  shown  in  Fig.  6  79  connected  to  a  discharg- 
ing arrangement  u,  but  it  is  often  joined  directly  to  other  apparatus.     The 


Fig.  63>  — DiagnuB  of  recent  arrangement  of  TcaU  Apparatna. 

R 


Fig.  64a.~Recent  Tesla  Apparatna. 

action  at  d  can  be  controlled  by  moving  the  contact  k  to  different  posi- 
tions on  the  spirals,  and  it  is  very  much  increased  by  connecting  one  end  of  s 
to  earth  as  shown  in  Fig.  639. 

III. — THE   ELECTRIC   SPARK   IN   AIR; 

It  has  been  explajned  (page  82)  that  the  passage  of  the  electric  spark 
between  two  conductors  at  different  potentials  will  take  place  when  the 
electrostatic,  or  more  briefly  the  electric  strain  in  the  dielectric  between 
them,  becomes  so  great  that  the  dielectric  is  ruptured.  The  p.d.  required 
to  produce  the  spark  under  precisely  similar  conditions  through  different 
dielectrics  varies  and  depends  upon  what  is  called  their  electric  strength. 
The  distance  across  which  the  spark  will  strike  depends,  however,  not  only 
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on  the  nature  of  ti.e  dielectric  but  also  upon  the  shape  and  condition  of 
the  electrodes,  and  upon  the  I'.D.  produced  between  them.     The  I'.n.  per 
centimetre  of  distance  apart  is  sometimes  referred  to  as  the  electrmotttr 
iuteusitv,  and    it   mi>,'ht   be  expected  that  in   a  given  dielectric  the  >park 
would  always  p;iss  when   the  electromotive  intensity     — — — ^— ^m- 
reached  a  definite  value,  or,  in  other  words,  that  the 
■  length  of  the  spark  would  be  pro- 
portional to  the  P.D.     Reference, 
however,  to  the  tables  and  curve* 
given  on  pages  iig  to  131   antt 
shows  that   is   certainly  not   the 
case.    For  long  sparks  the  electro- 
motive intensity  is  less  than  for 
short  ones.    As  previously  pointed 
out,  this  is   probably  due  to  the 
lines  of  force   being  crowded  to- 
gether near  the  electrodes,  where, 
therefore,   the    electromotive    in- 
tensity becomes  greater  than  th^ 
mean   value   for    the    whole   dis- 
tance.    The  dielectric  then  gives 
way  in  the  neighbourhood  of  the 
electrodes,    and     the    disruption, 
having     once      started,     spreads 
rapidly. 

The  form  of  the  discharge 
for  a  short  air-gap  is  shown  in 
Fig.  641,  where  the  spark  is 
being  taken  between  a  small  + 
sphere    and    a    larger   .—  sphere 

^ forming  the  electrodes  of  an  in- 

Kig.' 41. -The  Straight  Spark.  Huencc  machine.  The  sparkf, 
which  rapidly  follow  one  another,  form  a  more  or 
less  thick  band  of  light.  Incidental  y  it  may  be 
mentioned  that  Faraday*  long  ago  found  that  for  such  electrodes  far 
longer  sparks  are  obtained  when  the  small  ball  is  -j-  than  when  it  is  — 
In  one  experiment  the  reduction  was  from  10  to  12  inches  in  the  first 
case  to  I  or  i^  inches  in  the  second.  This  is  an  indication  that,  as 
already  mentioned  {see  page  132),  the  so^alled  positive  and  negative  charges 
have  physical  difTerences  which  are  not  explained  by  regarding  them  as 
the  opposite  ends  of  the  same  strain  as  represented  by  the  lines  of  force. 
Further  differences  will  appear  as  we  proceed. 

•  Exfmmciitiil  ktuarchis,  vol.  i.  (iSjS),  series  xiii.  1462. 


ri|.(4*.— The  Futktd  Spark. 
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If  the  distance  the  spark  has  to  pass  becomes  very  great,  uniform 
luminosity  and  motion  in  a  straight  line  cease.  Powerful  sparks  over- 
leaping a  great  distance  have  the  appearance  shown  in  Fig  642.  Or  when 
the  quantity  of  electricity  discharged  is  very  great  the  spark  may  split 
up  into  several  distinct  lines  of  light  sprinkled  wit',  bright  beads,  as  shown 
in  Fig.  643,  which  represents  discharges  13^  inches  long  obtained  froin 
the  l2-plate  Wimshurst  machine  of  Fig.  87.  The  beads  are  probably  places 
at  which  the  zigzag  path  of  the  spark  is  seen,  more  or  less,  "end-on." 
The  ramifications  and  zigzag  path  may  be  explained  by  assuming  that 
the  discharge  always  takes  place  along  the  line  of  least  resistance,  and 
that,  owing  to  disturbances  set  up  by  the  passage  of  the  spark  itself,  in- 
equalities in  density,  temperature,  etc.,  are  set  up  in  the  air  sufficient 
to  account  for  the  phenomena.  When  a  spark  passing  between  metals 
is  analysed    spectroscopically,    it   is  found   that   the  co)our  of  the   spark 

depends  on  the 
metals  and  the 
gas  through 
which  it  passes. 
The  electric 
spark  is  prob- 
ably a  conse- 
quence of  the 
neating  effect  0/ 
the  discharge, 
which  renders 
particles  of  gas 
and  metal  incan- 
descent.       That 

Fif.  843.-I>Uehi(f*  fttn  i»-plit*  Wtaiihnrst  Huhlii&  partic  es  of  metal 

are     really    torn 

off  during  discharge  can  easily  be  proved  by  examining  the  metal  points 
between  which  the  discharge  takes  place ;  me;al  particles  are  carried 
away  from  one  and  deposited  on  the  other.  If,  for  instance,  two  metals 
be  taken,  copper  and  silver,  and  the  spark  passes  from  the  silver  to 
the  copper,  a  deposit  of  silver  is  found  on  the  copper.  A  long  spark 
can  also  be  broken  up  into  a  series  of  short  sparks  by  p'lcing  successive 
intervals  in  the  path,  and  provided  that  the  sum  of  the  mtervals  be  not 
greater  than  the  gap  the  spark  can  spring  across.  A  well-known 
experiment  of  this  kind  is  the  spangled  tube  (Fig.  644),  in  which  a 
spiral  of  bits  of  tin-foil  at  short  distances  apart  is  placed  between  the 
electrodes. 

Electric  Waves — Throughout   this  book  it  has  been  continually  im- 
pressed upon  the  reader  that  electrical  phenomena  are  not  ccmfined  to  the 
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lubstance  or  surfacn  of  conductors,  but  that  the  whole  surrounding  medium 
plays  a  part  in  the  actions  and  reactions  which  are  taking  place.  Thus,  if 
the  so-called  electric  current  is  passing  along  a  conductor,  the  medium  outside 
the  conductor  becomta  magnetically  strained,  and  the  magnitude  oi  the  strain 
depends  upon  the  magnitude  of  the  current,  and  varies  as  the  latter  varies. 
Again,  if  an  insulated  conductor  is  raised  to  a  high  potential  relatively  to 
surrounding  cor-'uctors,  the  dielectric  surrounding  it  is  electrottatically 
strained,  and  the  magnitude  of  the  strain  at  any  point 
depends,  caleris  paribus,  on  the  value  of  the  potential,  and 
varies  with  it.  Moreover,  in  the  case  of  the  current-carrying 
conductor  ther^^  is  an  electric  strain  as  well  as  a  magnetic 
strain,  because  it  is,  from  point  to  point,  at  a  potential 
different  from  that  of  neighbouring  conductors.  In  this 
case  the  lines  of  force  by  which  the  two  fields  can  be  repre- 
sented are  mutually  at  right  angles  throughout  the  medium; 
Now,  seeing  that  these  staies  of  strain  have  to  be  set  up 
in  the  first  instance  and  afterwards  varied  with  every  varia- 
tion of  the  producing  cause,  the  question  naturally  arises 
as  to  whether  anv  appreciable  interval  of  time  elapses 
between  the  comme:.cement  of  the  action  in  or  at  the  con- 
ductor and  the  appearance  of  the  strain  at  any  distant 
point.  In  other  words : — Is  the  strain  set  up  simultaneously 
throughout  the  whole  mass  of  the  medium,  or  is  the  dis- 
turbance which  causes  it  propagated  with  a  definite  or  a 
variable  velocity  from  point  to  point,  reaching  the  distant 
points  later  than  the  nearer  ones  ?  The  answer  is  that  the 
electric  disturbances  setting  up  the  strain  are  propagated 
through  the  medium  with  perfectly  definite  velocities,  and 
that  if  the  disturbances  succeed  one  another  rapidly  they 
travel  through  the  medium  as  a  series  of  waves.  Moreover, 
Poynting  showed  long  ago  that,  in  the  case  of  a  steady 
current  flowing  in  a  simple  circuit,  consisting  of  a  battery 
and  a  conducting  wire,  the  energy  which  is  dissipated  as 
heat  in  the  wire  travels  from  the  battery  to  the  various 
parts  of  the  wire  through  the  medium,  and  not  along  the  wire.  This  is  an 
extremely  importas  :  ..oint. 

The  Electro-magrnotic  Theory  of  Light.— It  was  during  the  third 
quarter  of  the  last  century  that  Clerk  Maxwell  first  promulgated  his  cele- 
brated theory  that  light  is  an  electro-magnetic  phenomenon.  The  chief 
basis  of  the  theory  was  the  experimental  fact  that  the  velocity  with  which 
an  electro-magnetic  disturbance  is  propagated  in  a  vacuum  is.  within  the 
limits  of  experimental  error,  the  same  as  the  velocity  of  light,  namely,  about 
18^,000  miles  per  iecondj    The  conclusion  i$  almost  irresistible  that  the  two 
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phciiiiiiicnn,  both  forms  of  wave  motion,  which  arc  propagated  with  this 
unique  velocity,  are  not  only  similar,  but  identical,  and  can  only  differ  in 
tht  ways  in  which  one  wave  differs  from  another  of  the  same  kind — that  is, 
in  frequency  and  wave  length.  For  many  years,  however,  the  measurement 
of  the  electric  wave  vclu.ity  was  made  by  indirect  experiments,  the  actual 
waves  not  being  experimented  with. 

The  difficulties  in  the  way  of  direct  experiment  appear  insuperable 
tt  first  sight.  Not  only  is  the  velocity  very  high,  but  in  many 
ordinary  cases  the  size  of  the  waves  is  enormous.  Thus,  in  the  case 
of  the  oscillatory  discharge  of  a  condenser,  which  is  one  of  the  methods 
of  starting  the  necessary  disturbances,  the  period,  T,  of  an  oscillation 
calculated  by  the  formula  given  on  page  647  may  in  many  cases  be 
longer  than  the  ■j.tJosth  of  a  second.  But  even  if  the  period  be  so  short  that 
the  disturbances  are  at  the  rate  of  1,000  per  second,  then,  the  velocity  of 
the  waves  being  185,000  miles  per  second,  it  follows  that  the  wave  length, 
%.e.  the  distance  from  crest  to  crest,  must  be  185  miles.  Man  has  no  special 
sense  by  which  he  can  detect  the  presence  of  such  enormous  waves  in  the 
medium  surrounding  him.  His  sense  of  sight,  which,  on  this  theory,  is 
an  electro-magnetic  or  electric  sense,  can  only  respond  to  extremely  small 
waves  at  excessively  high  frequencies,  and,  moreover,  the  range  of  response 
is  a  very  limited  one.  To  affect  the  human  eye  the  disturbances  must  follow 
one  another  somewhere  between  390  to  760  billions  of  times  per  second, 
the  corresponding  wave  lengths  being  from  ttVo"***  to  ^  {,50*^  0*  *"  '"ch; 
It  is  only  within  these  Umits,  comprised  within  less  than  a  single  octave 
of  the  possible  vibrations,  that  the  eye  can  see ;  to  all  other  disturbances 
and  to  the  infinite  number  of  waves  existing  outside  these  limits  it  is 
absolutely  blind.  What  is  wanted,  then,  is  an  artificial  electric  eye,  which 
will  enable  us  to  detect,  examine,  measure,  and  experiment  upon  these 
other  waves,  if  they  exist.  Such  an  eye  was  first  devised  by  Hertz  in  the 
year  1887. 

Hertz's  Experiments. — The  success  of  Hertz's  experiments  was  due 
to  the  use  of  special  radiators,  by  which  electric  waves  of  a  definite  period 
could  be  generated  in  the  medium,  and  also  to  the  employment  of  resonators, 
as  they  were  called,  which  acted  as  detectors  by  which  the  presence  of  the 
waves  could  be  detected  and  their  form  analysed  at  a  distance  from  the 
radiators. 

The  phenomenon  of  resonance  is  best  known  in  acoustics,  from  which 
science,  in  fact,  it  takes  its  name.  Thus,  if  two  stretched  wires  are  vuned 
to  give  out  exactly  the  same  note,  and  one  of  them  be  set  vibrating  in  the 
neighbourhood  of  the  other,  this  second  string  will  also  start  vibrating 
without  being  touched.  Or,  again,  the  pir  in  an  organ  pipe  can  be  set  vibrating 
by  bringing  a  vibrating  tuning  fork,  of  the  same  pitch  as  the  pipe,  near  the 
mouth  of  the  latter.   Many  other  instances  will  probably  occur  to  the  reader. 
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Now,  it  has  been  shown  (page  6471  (hat  when  a  r.>i  r  i»  discharged 

through  a  circuit  of  negligible  resistance  the  disi!  ^illatory,  and  has 

a  definite  period  depcnfling  upon  the  capacity  «.  ...e  condenser  and  the 
inductance  of  the  circuit.  For  instance,  let  the  ti  .inaln  of  the  induction 
coil  c  (Fig.  645)  be  connected  to  a  condenser  of  the  form  shown,  and  consisting 
of  'wo  metal  plates,  p,  p',  each  40  centimetres  square,  set  up  in  the  same  plane 
60  centimetres  apart  and  Joined  by  wires,  except  for  a  small  gap  at  c,  the 
wires  at  the  gap  terminating  in  brightly  polished  metal  balls,  with  their 
surfaces  3  mm.  apart.  By  the  action  of  the  coil  the  p.  d.  of  the  balls  will 
rise  until  the  dielectric  in  the  gap  breaks  down  under  the  strain  and  dis- 
charge takes  place  between  the  plates  p  p'  through  the  wire,  and  across  the 
gap.  The  periodic  time  of  the  discharge,  calculated  from  the  above  di- 
mensions   and    the 
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formula  •  eady  given, 
Is  found  10  be  3-3  x  lo"* 
second.  There  are* 
therefore,  about  thirty 
oscillations  in  the  mil- 
lionth of  a  second,  if 
so  many  can  be  ob- 
tained with  a  single 
discharge;  but  this  is 
doubtful,  as  they  are 
very  rapidly  damped, 
partly  by  heat  gener- 
ated in  the  wire  and 
partly  by  radiation.  For,  these  rapid  discha-^,'  >  '4:  ^  -"•'s  in  the  spark  gap 
set  up  disturbances  in  the  ether  which  give  'se  o  a  ';!■•,  •,'  waves  which 
carry  off  some  of  the  energy  used  originali;  to  ri,.-\rge  the  C'  ndenser.  If 
these  wa'  ■»  from  the  " oscillator,"  as  it  is  a  ,>i,  '•<.'»  nnn  -.rly  :;,Ton  another 
circuit  R  ..  (Fig.  646),  in  which  the  period  o.  '!'.«ti  ,  ,0  wou-'.  *-v>  exactly  the 
same,  they  will  set  up,  by  resonance,  elect  ..r,-  ngs,  ^:  ..I  i  there  be  a 
spark  gap,  g,  in  this  circuit,  these  surgings  wih  ;  rise  t..  ark  or  sparks 
in  this  gap.  This  second  circuit,  or  "  resonator.  *?i?.  »;' .,  r  jted  by  Herts, 
for  the  oscillator  above  described, of  210  cms.  of  1.0  *7  wire  bent  into  the 
form  of  a  nearly  closed  circle,  the  ends  carrying  two  iittle  brightly  polished 
brass  balls  separated  by  a  very  narrow  gap.  The  evidence  of  the  surgings 
was  the  appearance  of  sparks  more  or  less  minute  in  this  gap.  The  metal 
circle  was  mounted  on  a  non-conducting  wooden  frame  for  convenience  in 
carrying  and  to  allow  the  length  of  the  gap  to  be  adjusted. 

With  apparatus  of  this  simple  character  Hertz  was  able  to  prove  ex- 
perimentally that  electric  waves  were  generated  by  his  oscillator  and  were 
propagated  t  urough  the  surroun'ling  medium  with  the  velocity  of  light,  thus 
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verifying  Maxwell's  prediction.  For  this  purpose  it  was  necessary  to 
prove  the  existence  of  the  various  phenomena  usually  associated  with 
wave  motion,  such  as  reflexion,  refraction,  interference,  and  polarisation. 

Reflexion  and  Interference.— Maxwell's  theory  shows  that  metallic 
surfaces  should  be  impervious  to  the  waves  and  should  act  as  reflectors: 
If,  therefore,  electric  waves  fall  normally  upon  a  plane  sheet  of  metal,  they 
should  be  reflected  back  along  the  incident  ;>ath  and  produce  the  well- 
known  phenomena  of  stationary  waves.  Thus,  in  Fig.  647  let  the  oscil- 
lator be  set  up  some  distance  to  the  left  on  the  axial  line,  and  let  11 
be  a  reflecting  mirror  consisting  of  a  sheet  of  metal  set  up  parallel  to 

the  line  of  oscillation  at  a 
considerable  distance.  The 
incident  waves  will  then  be 
plane  waves,  with  their 
vibrating  parts  moving 
parallel  to  the  surface  of 
H.  At  a  given  instant  the 
incident  waves  may  be  re- 
^  presented  by  the  curves  a, 
^^  and  are  travelling  from  left 
to  right.  In  the  act  of 
reflexion  the  phase  of  the 
incident  waves  is  reversed 
at  M,  and  at  the  instant 
just  referred  to  the  reflected 
waves  taken  alone  would  be 
represented  by  the  curve  6, 
and  would  be  travelling 
from  right  to  left  as  shown 
by  the  arrows.  To  find  the  effect  of  both  sets  of  waves  at  the  given  in- 
stant these  two  curves  are  to  be  added  together,  and  the  result  is  the 
straight  line  c,  which  means  that  momentarily  all  the  vibrating  parts  are 
at  rest. 

Fig.  648  shows  the  state  of  affairs  J-period  later.  The  waves  a  have 
moved  a  quarter-wave  length  to  the  right,  and  the  waves  6  a  similar  distance 
to  the  left.  The  resultant  now  is  the  wave  c,  of  double  the  amplitude  of  a 
or  6.  But  these  waves  do  not  travel  either  to  the  right  or  the  left ;  they 
remain  stationary.  This  will  be  clearly  seen  on  inspecting  Figs.  649  and  6  ;g 
which  show  the  position  of  affairs  a  J-  and  a  j-period  respectively  later 
than  Fig.  647,  The  final  result  is  that  the  points  n  are  positions  of  no  motion 
or  minimum  motion,  where  the  resonator  (Fig.  646)  will  give  feeble  or  no 
sparks,  and  the  points  l  are  positions  of  maximum  disturbance,  where  the 
resonator  will  give  bright  sparks.'    For  simplicity  the  waves  have  been 
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drawn  ol  equal  amplitude,  but  as  some  energy  is  lost  at  M  the  reflected 
wave  causes  less  disturbance  than  the  incident  wave,  and  therefore  the 
points  N  are  not  posi- 
tions of  rest,  but  only 
positions  of  minimum 
disturbance.      The 
positions  n  are  known 
as  nodes,  and  the  posi- 
tions L  as  loops.    Now 
it  is  obvious  that  when 
the    positions    of    the 
nodes  and  loops  have 
been   determined    the 
wave   length    can    be 
measured,  for  succes- 
sive nodes  or  succes- 
sive   loops    are    half- 
wave    lengths    apart; 
In    the    case   of    the 
oscillator    referred   to 
above     the     distance 
apart     of     successive 
nodes   was   found    to 
be  about    5    metres ; 
the  waves  were  there- 
fore 10  metres  (1,000 
cms.)  long.    The  cal- 
culated periodicity  was 
30  millions  of  periods 
per  second,  and  there- 
fore   the    velocity    of 
propagation,  which  is 
equal  to  the  product 
of   these   two  quanti- 
ties,   was    about    (30 
X   10'  X   1,000)  3   X 
10'°  cms.  per   second, 
which  is  the  velocity 
of  light. 

By  using   large 
cylindric  mirrors,  with 
a  parabolic  section,  as  shown  in  Fig.  651,  the  waves  can  be  brought   to 
«  focus  as  in  familiar  experiments  with  waves  of  light.     The  oscillator 
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being  placed  at  o  in  the  focal  line  of  mirror  m,,  with  its  direction  of  oscil- 
lation in  this  focal  line,  the  diverging  waves  fall'ng  on  m,  will  be  reflected 
as  plane  waves  towards  the  second  mirror  u,.  Falling  on  this  mirror  they 
will  be  conveyed  towards  i;s  focal  line,  the  position  of  which  can  be  found 
by  the  lesonator  as  a  position  of  maximum  disturbance.    The  paths  ol 
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Fig.  051— Reflexion  from  Ctmad  Surfaeci  (Mirron). 

some  parts  of  the  wave-fronts  have  been  drawn,  as  well  as  the  wave-fronts 
themselves,  in  different  positions. 

Reft>action. — One  of  the  properties  of  the  waves  of  light  is  that  in 
passing  through  dense  liquid  or  solid  transparent  bodies  the  speed  is  slowed 
down,  and  the  velocity  of  propagation  is  less  than  in  air  or  a  vacuum.    Con- 
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Fig.  6ja. -Refraction  of  Ebctric  W«vm  bjr  >  Prfam  of  Pitch. 


sequently,  on  passing  obliquely  from  one  medium  to  another,  or  when  the 
emergent  surface  of  the  dense  body  is  not  parallel  to  the  entrant  surface, 
the  line  of  propagation  is  bent,  and  the  light  is  said  to  be  refracted.  The 
apparent  bending  of  a  straight  stick  thrust  partly  under  the  surface  of 
still  water  is  a  familiar  example  of  this  property. 

With  the  exception  of  good  conductors,  most  materials,  such  as  stone, 
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orick,  wood,  etc.,  are  transparent  to  the  electric  waves,  and  by  analogy  wc 
should  expect  to  obtain  evidences  of  refraction,  due  attention  being  paid  to 
the  enormous  difference  in  the  length  of  the  waves.  Wi'-:i  waves  of  light 
the  bending  can  be  most  conveniently  shown  by  using  a  small  prism  of  glass 
or  other  transparent  substance.  To  electric  waves  such  as  we  have  been 
considering  pitch  is  transparent,  and  a  large  prism  p  (Fig.  6  j2y  of  this  material 
may  be  placed  in  the  path  of  the  waves  proceeding  from  the  oscillator  o 
after  reflexion  at  the  cylindric  parabolic  mirror  m,.  The  second  mirror  ii,< 
with  the  resonator  at  its  focus,  is  to  be  used  to  search  for  the  waves  after 
passing  through  p,  the  direct  waves  being  cut  off  by  a  metal  screen  s  s  of 
sufficient  size.  As  m,  is  moved  over  the  arc  a  b,  no  evidence  of  the  exist- 
ence of  the  waves  can  be  obtained  until  it  is  brought  to  some  such  position 
as  is  indicated  in  the  figure,  showing  very  marked  refraction  of  the  waves 
on  passing  through  P.  From  the  amount  of  the  refraction  and  the  angle 
of  the  prism  the  speed  of   the  waves  in  v; 

pitc'i  '  an  be  calculated  by  well-known 
laws  ;  It  is  obvious  that  this  speed  could 
not  easily  be  measured  directly. 

Polarisation. — The  most  conclusive 
evidence  of  the  wave  nature  of  the  phe- 
nomena is  fumiohed  by  experiments  on 
polarisation,  a  subject  to  which  we  have 
more  than  once  (see  pages  66  and  317) 
referred  in  connection  with  waves  of 
light.  The  oscillator  we  have  described 
generates    polarised    electric   waves,    in 

which  the  direction  of  electric  displacement  is  paralle'  to  the  line 
joining  the  plates.  As  an  analyser  to  examine  this  polarised  condition,  it 
is  only  necessary  to  use  a  simple  grating  A  B  c  d  (Fig.  653)  of  parallel  copper 
wires  in  a  wooden  frame.  Through  such  a  grating  oscillations  in  the  direc- 
tion of  the  dotted  line  H  h  can  pass,  but  to  oscillations  in  the  direction  v  v 
the  grating  will  behave  as  an  opaque  body.  This  is  because  the  oscillations 
in  the  latter  direction  can  induce  oscillations  in  the  vertical  wires,  which  by 
their  effect,  if  the  wires  are  close  enough,  wiU  completely  screen  the  space 
behind  the  grating.  Placing,  then,  a  screen  of  this  kind  between  the  mirrors 
in  Fig.  651,  we  can  either  allow  all  the  oscillations  to  pass  by  holding  the 
screen  with  the  line  h  h  parallel  to  their  direction,  or  we  can  completely 
stop  the  waves  by  so  setting  the  screen  that  the  line  v  v  is  parallel  to  the 
electric  disturbances.  The  experiment  when  tried  is  found  to  be  perfectly 
successful. 

With  these  experiments  l^efore  us  proving  the  existence  of  reflexion, 
refraction,  interference,  and  polarisation,  there  can  be  no  doubt  but  that 
we  are  dealing  with  waves,  for  it  is  only  by  assuming  wave  motion  that  a 
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satisfactory  explanation  of  the  somewhat  intricate  series  of  phenomena  can 
be  offered. 

In  the  foregoing,  for  simplicity,  we"  have  referred  only  to  the  electric 
waves  set  up  in  the  ether  by  ,'vs  electric  surgings  in  the  oscillator,  but  a 
moment's  consideration  will  show  that  these  surgings  must  give  rise  to 
magnetic  effects.  These  effects,  according  to  the  elementary  laws,  fully 
dealt  with  in  the  preceding  chapters,  wiU  give  rise  to  magnetic  disturbances 
at  nght  angles  to  the  electric  ones.  Hertz  proved  experimentally  that  the 
magnetic  disturbances  are  propagated  with  the  same  velocity  as  the  electric 
disturbances,  and  that,  in  fact,  the  complete  wave  is  electro-magnetic,  and 
that  the  wave-front  at  every  point  consists  of  electric  and  magnetic  disturb- 
ances at  right  angles  to  one  another  and  to  the  direction  of  propagation. 

This  is  in  strict  accord- 
ance with  the  require- 
mentsof  Clerk  Maxwell's 
electro-magnetic  theory 
of  light. 

Hertz's  work  pro- 
duced great  excitement 
in  the  scientific  world, 
and  numerous  obser\'ers 
repeated  and  varied  his 
experiments.  Space 
,       .  .  .    ,,  ,  win    only  allow  us   to 

refer  to  a  few  of  these  developments,  which  included  improvements 
m  both  the  generators  and  the  detectors  of  the  radiations,  as  well  as 
investigations  into  many  details. 

Amongst  the  improvements  in  the  "  oscillators  "  or  generators  of  the 
radiations,  one  devised  by  Righi  deserves  special  mention.     Instead  of  a 
single  pair  of  spheres  at  the  spark  gap,  he  used  three,  or  better  still  four 
as  in  Fig.  t54,  the  two  central  ones  being  much  larger  tb-     "  e  ones  connected 
to  the  wires.    These  larger  spheres  were  very  cloj  her    and  their 

opposed  surfaces  were  immersed  in  an  insulating  oil  w  quires  a  erea 

electnc  strain  to  rupture  it.  and  therefore  gives  a  i^ucn  more  vigorous 
spark  when  broken  down. 

Many  additional  detectors  of  the  existence  of  the  waves,  or  receivers  as 
they  may  be  called,  were  also  discovered.    Amongst  these  may  be  named 
vacuum  tubes  galvanometers,  electroscopes,  impulsion  cells,  and  coherers 
the  last  named  being  perhaps  the  most  important,  and  therefore  requiring 
further  explanation.  ^        ° 

Coherers.-Branly  observed  that  if  a  few  scattered  metallic  filings  are 
madepart  of  an  electric  circuit,  their  resistance  in  the  ordinary  stat^ 
maj-  ce  very  high.  Lu    that  tliis  resistance  is  considerably  reduced  when 
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electric  waves  such  as  we  have  been  discussing  fall  upon  them.  Further, 
it  was  noted  that  the  high  resistance  state  could  be  re>tored  by  mechanical 
means,  such  as  bv  tapping  the  tube  or  other  support  of  the  tilings.  To 
an  arrangement  of  this  kind  Dr.  (now  Sir  Oliver)  Lodge  gave  the  name  of  a 
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K.  6}}.— Simple  Coherer  Circuit. 


coherer,  since  the  reduced  resistance 
seemed  to  be  due  to  the  metallic  par- 
ticles cohering  under  the  action  of  the 
electric  surging^  induced  by  the  waves. 
The  diminution  of  the  lesistancc  can 
easily  be  observed  by  placing  in  the 
coherer  circuit  a  galvanometer  or  other 
device  which  will  respond  to  the  increased 
current  in  the  circuit.  The  simplest 
coherer  circuit  would,  as  in  Fig.  655, 
consist  of  the  coherer  c,  a  battery  B,  and  a  galvanometer  G.  For  many 
purposes,  however,  it  would  be  better  to  replace  the  galvanometer  by  a 
relay  R  (see  page  401)  in  the  local  circuit,  of  which  (Fig  6:6),  besides  the 
battery  L  and  the  relay  contact  c,  there  is  an  electro-magnet  M,  and  a  tel-.'graphic 

receiving  instrument,  such 
as  a  Morse  writer  m,.  The 
function  of  the  former 
is  to  act  as  a  Jecoherer  by 
causing  its  armatur*;,  b, 
when  attracted,  to  strike 
the  board  on  which  the 
coherer  is  mounted,  and 
thus  restore  the  metal 
filings  to  the  sensitive  state 
of  high  resistance. 

A  nti  -  Coherers. —  Neuge- 
schwender,  Schofcr,  and 
others  lia\  c  constructed 
receiving  apparatus  for 
electric  waves  in  which  the 
effect  produced  is  the  op- 
posite of  that  produced  by 
the  waves  on  a  coherer,  that  is,  the  impact  of  tlie  waves  causes  the 
resistance  to  rise  instead  of  fall.  These  anti-coherers,  as  they  are  called, 
have  the  additional  valuable  property  that  on  the  cessation  of  the 
waves  the  low  resistance  state  is  resumed  without  requiring  the  inter- 
vention of  anything  corresponding  to  the  decoherer  1  the  otiier  case. 
The  arrangement  is  very  simple,  consisting  only  of  a  linear  flaw  pro- 
duced by  lightly  draw-ing  a  fine  line  with  a  diamond  or  razor  edge  in  a 
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deposit  of  silver  on  glass.  Such  a  flaw,  about  3  cms.  long,  will  liave  a 
resistance  ordinarily  of  about  40  ohms,  which  will  be  increased  about 
threefold  when  electric  waves  fall  upon  it,  and  will  promptly  resume  its 
original  value  when  the  waves  cease.  Neugeschwender,  who  first  observed 
this  action,  prefers  to  bridge  his  flaw  with  a  film  of  moisture,  with  which  he 
observed  the  resistance  to  fluctuate  between  50  and  90,000  ohms.  An 
anti-coherer  can  also  be  made  by  forming  a  connecting  bridge  of  silver 
0*1  mm.  wide  in  a  very  wide  gap.  the  whole  being  coated  with  collodion. 
The  restoring  action  is  so  prompt  that  the  signaL  can  be  received  in  a 
telephone  in  circuit  with  the  anti-coherer. 

The  theory  of  the  action,  which  we  have  not  space  to  discuss,  is  the 
subject  of  coiifro%ersy.  On  one  side  it  is  alleged  that  electrolysis  plays 
an  important  part,  on  the  other  that  the  action  is  puniy  mechanical.  In 
either  case  the  impact  of  the  waves  disturbs  the  arrangement  of  tine  par- 
ticles of  silver  lying  in  the  gap,  and  so  incnases  the  resistance,  but  the 
promptness  of  the  restoration  is  not  so  easily  t'X])lained. 

Transpr.j'ency  of  Materials. —  The  fact  which  apj)eaied  most  to  the 
man  in  tl  t  street  when  Hertz's  discoveries  were  announced  was  the  ease 
with  which  the  electro-magnetic  waves  j)ass<'(l  through  mbstances  which 
are  ordinarily  considered  opatjue,  and  are  opatjue,  to  waves  of  light.  Thus, 
if  the  oscillator  is  shut  up  in  a  room  of  a  building,  the  waves  can  lie  detected 
and  picked  up  in  the  grounds  outside,  or  in  anotiier  room  of  the  building, 
although  to  reach  the  position  of  the  detector  they  must  pass  through  solid 
walls  of  masonry  or  other  building  material.  These  phenomena  are,  how- 
ever, quite  in  accordance  with  well-known  and  familiar  properties  of  waves 
of  light  which  can  pass  through  glass  and  other  bodies  quite  as  solid  as  stone 
or  brick.  Moreover,  it  has  long  been  known  that  glass  is  opa(jue  to  many 
waves  with  which  we  have  been  long  familiar,  and  that  it  is  only  transjiarent 
to  waves  of  a  certain  length  or  periodicity,  amongst  which  happen  to  be 
the  waves  which  affect  our  sense  of  sight.  Stone,  on  the  other  hand,  lets 
through  certain  waves  of  long  wave  length,  but  is  opaque  to  the  short 
waves  which  constitute  ligiit.  The  materials,  therefore,  act  in  tiie  same 
way.  Each  is  both  transparent  and  opacjue,  but  one  is  opaque  to  waves 
to  which  the  other  is  transparent,  and  vici'  versa,  but  not  completely,  as 
there  are  many  waves  which  pass  through  both. 

Wireless  or  RadiO-Telegfraphy. — Coherers  as  detectors  of  electric  waves 
are  much  more  sensitive  than  Hertz's  resonators,  and  with  their  invention 
and  with  the  more  energetic  oscillators  of  Righi,  Tesla,  and  others,  it  soon 
became  possible  to  pick  up  the  electric  waves  at  much  greater  distances  from 
the  oscillator.  To  obtain  detinite  signals  the  oscillator  was  connected  to  the 
secondary  terminals  of  an  induction  coil,  in  the  primary  circuit  of  which  a 
Morse  key  was  inserted,  as  well  as  the  automatic  contact  breaker.  Thus 
waves  of  long  and  short  duration  were  sent  out,  the  Morse  code (*<><•  page405) 
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being  used  to  form  letters  and  words.  These  waves  beinf;  received  by  a 
detector  arranged  as  in  Fig.  656,  a  working  current  passed  throujjh  the  relay 
R  as  long  as  waves  were  falling  on  the  coherer  c,  but  when  a  bre.ik  canic  in 
the  stream  of  waves  the  decoherer  m,  restored  the  coherer  to  its  original  con- 
dition of  high  resistanci  e  current  then  passing  being  insufl"  ient  to  move 
the  tongue  of  the  relay.  Thus  the  receiv- 
ing instrument  m,  only  registered  signals 
when  waves  were  falling  on  c,  and  there- 
fore faithfully  followed  the  movements  of 
the  key  in  the  transmitting  apparatus. 

By  careful  improvement  of  the  details 
of  the  transmitting  and  receiving  appa- 
ratus, and  by  minute  study  of  the  con- 
ditions necessary  lor  success,  Marconi, 
Slaby,  and  others  have  rapidly  increased 
the  distance  at  which  the  waves  can  be 
delected.  At  the  end  of  1901  Marconi 
was  so  far  successful  that  he  detected  in 
Newfoundland  waves  generated  in  Corn- 
wall, the  distance  being  over  2,000  miles. 
Into  the  technical  details  we  cannot  enter 
here,  but  we  hope  to  return  to  the  subject 
later  in  the  technological  section. 

One  word  in  conclusion.  The  term 
"  wireless  "  only  applies  to  the  absence  of  the 
conducting  wire  between  the  transmitting 
and  receiving  stations  in  ordinary  systems 
of  telegiaphy.  At  both  the  stations  nu- 
merous w'res  are  necessarily  used,  and 
therefore  the  term  ^^radio-telegraphy^''  is 
now  officially  employed  as  more  suitable. 
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Dry  .iir  at  ordinary  or  higher  pres- 
sure allows  the  discharge  to  pass  when 
the  voltage  is  sutliciently  high,  and  also  under  the  special  circuni>latKes 
already  detailed  ;  on  the  other  hand,  a  perfect  vacuum  is  almost  a 
perfect  insulator,  and  quite  a  difTerent  set  of  phenomena  are  experienced- 
Between  these  extremes  there  are  degrees  of  rarefaction  which  allow  a  tlow 
of  electricity,  and  piesent  many  remarkable  and  beautiful  elTetts.  Glass 
tubes  partially  exhausted  are  ..sed  for  this  purpose,  and  these  so-called 
''vacuum  tubes"  are  sometimes  named,  alter  the  ^U)^l  celebrated  makers 
cr  investigators,  Geissler's  or  Gassioi's  tubes.     They  are  usually  thin  glass 
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tubes  with  bulbs  blown  at  the  end,  and  more  or  less  twisted  into  different 
•hapea  and  have  at  two  different  points  platinum  wires  iused  mto  them. 
By  means  o<  these  wires  or  electrodes,  the  currents  from  an  influence  machme. 
«  more  frequently  the  sparks  from  an  induction  coil,  are  conducted  through 

these  tubes,  so  as  to  make  the  more 
or  less  rarefied  gases  glow. 

Dlschargfes  in  Moderate  Vacua. 
—The  so-called  "  electric  egg,"  which 
preceded  the  invention  of  Geissler's 
tubes,  is  shown  in  Fig.  fi«7.  It 
consists  of  a  glass  globe  shaped  as 
represented  in  the  figure,  the  brass 
fittings  of  the  upper  end  having  an 
air-tight  stuffing-box,  or  perforated 
cork,  through  which  the  electrode 
can  be  moved.  The  brass  fittings 
at  the  lower  end  carried  the  second 
electrode,  which,  as  a  rule,  was 
fixed.  The  lower  portion  of  the 
foot  was  accurately  ground,  so  as 
to  fit  tightly  on  the  plate  of  an  air- 
pump.  By  means  of  a  stop-cock 
the  pressure  could  be  regulated,  or 
the  egg  closed  when  the  desired 
degree  of  exhaustion  had  been 
attained. 

Figs.  658  and  059  represent  two 
of  Geissler's  tubes.  The  one  narrow 
at  the  middle  is  esoecially  useful  for 
spectrum  analysis,  as  the  spectrum 
from  the  hght  in  the  narrow  portion 
is  much  more  distinct.  These  tubes 
are  usually  sold  closed  at  both  ends, 
filled  with  gases  or  vapours  at  pres- 
sures from  008  to  o"25  inch.  When 
the  discharges  are  passed  through  bulbs  or  tubes  like  Figs.  658  and 
659,  filled  with  air  vnder  the  ordinary  pressure,  a  continued  stream 
of  sparks  passes,  provided  the  induction  coil  be  sufficiently  power- 
ful. If  now  the  air  in  the  tube  be  rarefied,  the  spark  decreases, 
until  at  last  it  disappears  altogether,  giving  place  to  a  kind  of  brush  dis- 
charge at  the  positive  pole  and  a  glow  or  aureole  surrounding  the  negative 
pole,  and  well  shown  in  Fig.  658.  Immediately  surrounding  this  glow  i-t 
a  dark  space,  outside  which  luminosity  again  commences,  but  much  more 


Fig.  BjS 


GeUsler'i  Tub«i. 


!  i 


tL 


Ths  MeKcuKY  Akc 


«73 


faintly.  If  the  tube  contains  rarefied  nitrogen  the  negative  brash  hght 
appears  brick-red  or  rose-coloured,  the  glow  liglit  bhie  or  violet.  In 
hydrogen  the  glow  is  blue,  Imt  the  light  m  the  narrow  part  ot  tlie  tuln; 
is  crimson.  The  intensity  of  the  light  is  different  at  different  places;  it 
is  much  the  brightest  in  the  narrow  portion  of  the  tidnv 

The  Mercury  Arc.— As  an  important  application  of  the.  electric  dis- 
charge under  reduced  pres.sure,  it  will  be  convenient  here  to  consider  the 
"  mercury  arc,"  to  which  some  reference  has  already  lH>en  made  (see 
page  270). 

In  a  Gcissler  tube  at  moderate  exhaustions,  the  glow  of  the  discharge 
for  all  practical  purposes  apjwars  to  fill  the  whole  tube  if  the  pressure 
voltage  and  current  In;  properly  adjtisted  in  :;onnection  with  the  length 
of  the  tube  and  the  material  of  the  electrodes.  Refereiue  luis  Ixen  made 
above  to  the  colour  of  the  glow  lus  influenced  by  the  characttT  of  the  residual 
gas,  but  when  the  electrodes  are  volatilisable  the  light  from  the  glowing 
particles  detached  from  them  quite  overpowers  the  feeble  glow  of  the 
permanent  gases  and  dominates  the  character  of  the  emitted  light.  On 
account  of  its  fluidity  at  ordinary  temperatures  the  metal  mercury  is  now 
widely  employed  for  the  electrodes  of  a  vacuum  tube  which  is  to  Ix;  used 
for  artificial  illumination.  One  advantage  of  a  liquid  electnnle  over  a 
sohd  one  is  that  the  latter  would  be  gradually  disintegrated  ami  would 
have  to  be  renewed,  whereas  a  liquid  electrode,  as  particles  are  torn  off, 
continually  presents,  by  its  mobihty,  fresh  and  p-rfect  surfaces  to  the 
space  in  which  the  discharge  is  being  exhibited. 

Vacuum  lamps  in  which  the  vajxiur  of  mercury  was  used  to  carry  the 
current  were  described  as  far  back  as  1892  by  Aroiis,  but  not  much  notice 
was  taken  of  them.  Some  years  later  more  than  one  physicist  modified 
or  re-invented  the  Aroiis  lamp  as  a  means  of  obtaining  practically  mono- 
chromatic light  for  spectroscopic  or  other  work.  As  a  method  of  general 
illumination  it  was  developed  by  Mr.  Cooper  Hewitt  about  1901,  and 
since  that  date  a  fair  amount  of  research  and  other  work  has  been  done 
in  the  subject. 

For  practical  purposes  it  is  necessary  that  the  \acuum  tul)es  which 
are  to  be  used  as  lamps  should  be  capable  of  being  run  on  ordinary  ele(  trie 
lighting  circuits,  either  with  continuous  or  alternate  currents.  Compared 
with  the  secondary  circuit  of  a  Ruhnikori?  induction  coil,  or  with  an  influ- 
ence machine,  the  voltages  of  such  circuits  are  low  and  are  quite  incapable  of 
starting  the  discharge  in  a  tub<;  of  practicable  length,  though,  when  once 
started,  the  discharge  can  be  maintained  by  the  low  voltage  for  an  indefinitely 
long  period.  The  conditions  therefore  resemble  those  of  the  ordinary  carbon 
arc,  in  which  it  will  be  remembered  {see  page  243)  that  until  the  carlMHis 
have  been  brought  into  contact  and  separated  the  are  cannot  be  "  strui  k." 
43 
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But  there  are  other  methinls   available  for  starting  the  arc  in  the  case 
now  under  consideratior  • 

First  of  all,  however,  the  ordinary  and  obvious  mitluKl  of  bringing 

the  electrodes  together  and  then  separating  them  can  \k  applied,  but  was 

not  the  first  to  be  used.     In  this,  which  may  be  called  the  "  contact  " 

method  of  striking  the  arc,  advantage  is  taken  of  the  mobility  of  mercury 

electrodes.     Imagine  a  short  horijontal  tube  with  a  little  vortical  tulx; 

or  cup  at  each  end  containing  mercury  in  contact  with  a  wire  sealed 

through  the  bottom  of   the  cup.     By  tilting  the  tube  the  two  portio- 

of  mercury  in  the  cups  can  be  run  together  to  form  a  metallic  conducting 

bridge,  through  which  tl.--  ci.cuit  is  made  and  the  current  passes.     It  is 

^^^  practically  a   short    cir- 

^^^fe  ruit,  and  must  therefore 

^^^^  only  be  allowed   to  last 

X^^^^^  W  motnentarily ;  on  restor- 

^^^|H^^^^  I  the    tube   to  the 

^^^^^^^^^^^^^^^  original  position  the  short 

^^^B^^Z^I^^Bi^^t!  circuit  is  broken  and  the 

^^||^^^^^^^^^^  arc  is  "  struck." 

^^^■•^^2^^^^^^^.  F^'S-  ^o  shows  a  form  of 

^^"1^^^^^^^^^         the  Cooper-Hewitt   lamp 

^^^^^^^^fl^.     in   which    this   simple 

^^^^^■1        method  is  used.  The  lamp 

j\       consists  uf  a  glass  tube 

Q  ^       about  20  inches  long,  with 

conducting  wires  sealed 
into  each  end.  Some 
mercury  is  placed  in  the  tube  to  form  one  electrode  and  to  supply 
the  necessary  vapour.  The  tube,  Ixfi  being  finally  sealed  up.  is 
exhausted  to  the  point  at  which  the  best  effect  is  produced,  and  it  is 
then  mounted  as  shown  so  that  it  can  be  readily  tilted.  To  start  the 
current  the  lamp  is  tilted  carefully  so  that  the  mercury  flows  in  a  narrow 
stream  from  one  electrode  to  the  other.  As  soon  as  'i  e  stream  of  mercury 
reaches  the  distant  electrode  the  circuit  is  completed  and  the  current 
starts.  Almost  immediately  the  mercury  thread  breaks,  and  the  current 
then  passes  as  a  vacuum  discharge,  filling  the  tube  with  incandescent  mer- 
cury vapour. 

Many  lamps  of  different  shapes  and  for  different  purposes  have  been 
devised  to  use  this  method  of  starting  the  arc.  Some  of  these  will  be 
described  later  in  the  technical  section. 

It  i.->  now  generally  recognised  that  conduction  in  thcckchic  arc  m.-tinly, 
if  not  entirely,  consists  in  the  carrying  over  of  charged  particles,  corpuscles, 
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or  electrons  from  the  kathtnle  or  — ■♦  eleitriHle  to  the  anode  <>t  -4-"  iler- 

Innle,  ami  that  tht;  alwive  prinesN  of  ><trikin;;  the  an  ineuly  hll>  tlic  >.|M<e 

U'twecn  tlie  elei  tnules  with  the  neiessary  "  ioni.sed  "  larmrs.  the  Mipply 

of  which  is  easily  maintained  when  the  process  is  once  started  and  the 

right  conditions  of  electric  pressure,  temperature,  etc.,  established.     With 

the  mercury  arc    there  are   other  methods  of 

hiling   the   space   between  the  electrotles  with 

the  electrified   carriers.     One   of   these    is    to 

start  the  discharge  by  using  momentarily  from 

some  other  source  a  voltage  sufficiently  high 

to  rupture  the  dielectric  already  weakeneil  by 

the    reduction    in    the    pressure   of    the    air. 

The  ne  essity  for  supplying   the  high  voltage, 

whether  from  an  induction  coil  or  other  source, 

however,  complicates  the  apparatus.     A  couple 

of    Cooper-Hewitt    lamps,    with   an   imluction 

coil   to   be   used   to   obtain    the   high    voltage 

necessary  for  starting,  are  shown  iii  Fig.  f)6i. 

In  these  lamps  the  kathode,  which  is  of  mer 

cury,  is  at  the  bottom   of   the   tul)e,  and   an 

iron  anode  at  the  top.    As  the  ionised  carriers 

all    proceed    from    the    kathode,     tlie    anode 

need    not    be    a    mercury   one,   but   may,   as 

in  this  inst.ince,  be  of  solid  material.      Iron, 

graphite,   or   nickel   is   usually   used    for    this 

purpose. 

A  still  more  ingenious  method  has  lieen 
devised  by  Dr.  Weintraub,  who  has  done 
much  to  develop  the  mercury  vapour  lamp 
for  illuminating  purposes.  It  dej^nds  on  the 
principle  that  if  a  vacuum  tube  is  provided 
with  one  kathode  and  two  or  more  anodes, 
when  a  discharge  is  started  between  the 
kathode  and  one  of  the  anodes,  it  will  also  pass  from  the  kathode  to 
the  other  anode  under  suitable  conditions.  Dr.  Weintraub,  therefore, 
starts  a  short  discharge  in  one  part  of  his  exhausted  tube  ;  this  fills 
the  tube  with  the  nece.ssary  ionised  carriers,  and  a  discharge  to  a  more 
distant  anod.-  then  passes. 

Three  methods  of  starting  the  discharge  with  an  au.xiliary  antxle 
are  shown  di.igrammatically  in  Figs.  662  to  664  respectively.  In  the 
first  (Fig.  662)  X  is  the  kathode  connected  to  the  — "''  main,  \  is  the 
ordinary  or  working  anode,  and  c  the  starting  anode  ;   c  and  k  are  cups 
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fill..!  With  mcrcur>-.  whiNt  a  is  ,i  uraphite  eltrtrn.!...  B.'twocn  r  an<»  K 
is  a  lattery  or  other  contii.uous  c  ninnt  generatur  o,  m  s.ri.s  with  a  ^t.a.lx- 
iiiK  i.M>taii.e  K„  .111.1  with  Its  — "  I.Mininal  .oniinlcl  )..  K.  On  tilling 
tl.u  tuU'  slightly  the  m.r.niv  Irom  k  .  ..iiipl-t.  s  a  .inuit  iiisi.lr  the-  tiibr, 

♦ I .-on    l.ri'akiriK   whuli,    by    hrmninf;    the 

■'  tu'K'  to  its  tirst  position,  llic  disdiarR*' 
Ls  started  bttwtrn  C  and  K.  It  immc- 
diatily  starts  between  A  and  k  also, 
the  lurrent  for  this  discharge  being 
Iirovided  by  the  mams  from  r,,  through 
the  steadying  resis*  ante  R,.  Theswitihes 
of  the  aiixiliar\  .  id  ml  c  K  crin  then 
be  ojiened  ami  tin-  lamp  will  i  ontinu.' 

Fii!.  «J —Mfihod  of  MartinK  »  Mercury  Arc         to   blim. 

In  I'lg  663  the  procedure  is  simplified  l>y  using 
the  same  source  of  elet  trical  energy  for  both  circuits  ; 
that  is,  by  jilacing  the  auxiliary  circuit  b  k  and  its 
resistance  R,  on  the  mains  as  well  as  the  principal 
circuit  A  h.  On  starting  up,  by  Inst  tilting  and  then 
restoring  the  tiilx-,  the  connection 
yWpT  \: — ,  is  established  between  B  and 
ill  I  K,    and    immediately    afterwards 

I"   J  I  broken,  thus  "striking"  the  arc 

^    '  '"'         which    then   almost   immediately 

tonus  between  the  niaiii  anode  A 
and  K,  tilling  the  tube  with  glow- 
ing vapour.  The  ( irc.uit  through 
K„  I!  and  K  can  then  be  broken 
b\-  opening  a  switch  not  shown 
in  the  figure. 

The    third    modification   (Fig. 
()(.4)  is  still  more  ingenious,  and  has  the  advantage 
of  lieing  automatic.     A  plunger   i.  of  iron  floats  in 

^ the  UKTCury  of   the    auxiliary   anode   B,   and   is  so 

Fig.  664.-Piun«r  Method  of  adjusted  that  when  no  current  is  passing  there  is  a 
surfng.NfercuryArc.      ^^^.^^  ^^^^^^  ^^  niercury  joining   B   to   K.     When  the 

current  is  switched  on  the  solenoid  s  surrounding  L  draws  L  upwards  and 
the  connecting  film  of  mercury  flows  into  b,  thus  breaking  the  auxiliary 
circuit  and  starting  the  discharge  between  B  and  K ;  if  the  lamp  be 
properly  adjusted  the  main  arc  a  k  immediately  forms.  The  current 
of  the  main  arc  Hows  through  the  resistance  k,  and  the  magnetic  cut-out 
o,  which,  of  course,  has  inductance   and   ads  as   a   clinking   coil.     When 
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till-    <  iirrnit    kmiIuh    .i    •iit.iiii    valm     tin'    i  lit  "iit    .i<  !■»  .iiid   Imaks    th« 
auxili.uv  <  II' lilt    tliii'iinli  K,.  s  >iii<l  B,  wlm  li  is  thtn  im  loiiRir  nqiiiird. 

Tlic  intllKxl  of  st.l^»ln^  tho  an:  by  an  auxilury  i>r  slarlinK  aiuKlr  is 
only  Mii(r>sliil  wlicn  the  varmiin  is  tx» xedmnly  giMnl.  Ti»  iin|iiovi'  the 
starting  dinditioii^,  a  liiRli  itMstaiuc  cailH)n  tilanient  is  huiiK  from  the 
workniR  aiUMlr  A,  tliiis  slioitcniiig  tin-  distaim-  liotwcen  thr  amxlr  ami  the 
kathode.  Iliiough  this  sliort  (hstanrn  the-  an  is  more  naihly  staitid, 
and  wht'ii  omr  «'slabhsh«d  the  Kiratrr  part  of  tiir  riirr<  iit  llows  tliioiigh 
thr  tidx'  lioni  A  lo  K  Im(  aiisr  ol  tlir  low  rt'>i>lan(r  of  thr  tiilif  irlativrly 
to   Ihf    til.unrnl. 

When  liir  an  i--  in  o|M^ialioii  mrn  ill  v  \,i|M)iir  is  i  aimd  (lom  thr  kathode 
towards  the  anod<\  whu  h  in  I'iks.  Mi  ;  ^-nd  W)4  is  shown  siirroiindt  >l  l>y 
H  (liamUr  laiRcr  than  thr  ( ross-sti  tion  of  the  tube.  In  this  <  h.iiiibrr 
the  mcrmry  condt-nscs,  and  in  duo  loursc  returns  down  the  vtrtiral  tube 
to  the  katho<l(\  The  minimum  i  urrcnt  for  stability  is  about  3  amperrs  ; 
the  ma.ximiim  depends  on  the  i ross-i.ection  of  the  tube  and  the  si/e  of  the 
londensing  rhamlx-r,  which  must  be  kept  at  a  sutlic  iently  low  tempera- 
ture. If  a  reaetaiue  be  placed  m  series  with  the  arc  the  minimum  current 
can  be  reduced  to  a  few  tenths  of  an  anijH:rc.  The  voltage  required  depends 
also  o"  the  length  and  cross-section  of  the  tube  and  the  Iwi  k  K.m.k.  at 
the  electKHles.  An  ordinary  tube  some  4  or  5  feet  long  will  absorb  alMuit 
80  volts,  a:id  with  a  steadying  resistance  and  reactance  can  be  readily  run 
u|)on  a  no-volt   circuit. 

Modtfiiatinns  for  Altcnmte  Cuneiits.  —  With  alteniate  curnnts  the 
phenomena  are  more  complicated.  No  matter  how  large  the  current  may 
b<'  the  arc  which  is  fornied  when  the  electrodes  are  separated,  even  when 
these  electrodes  are  both  of  mercury,  very  rapidly  dies  out.  Of  course, 
with  alternate  currents  each  electrode  becomes  a  katlKule  for  half  a  jK-riod, 
and  for  the  next  half-jx-riod  the  other  electrode  is  the  kathode.  Moreover, 
the  current  has  all  values,  from  its  maximum  to  zero,  ami  although  the 
pnxUictiou  of  ions  may  be  quite  suffici.'ntly  copious  whilst  the  current 
is  Well  up  on  the  current  curve  it  must  sink  to  zero  with  the  current,  and 
there  must  be  a  ju-riod  during  which  the  magnitude  of  the  current  is  too 
low  to  pro(hicc  a  sufficient  number  of  ions  for  its  own  maintenance.  Even 
with  rapid  alternations  and  large  currents  this  j)eriod  would  apjMar  to 
lie  snifuieutly  long  for  the  ions  produced  to  become,  as  it  were,  exhausted, 
and  for  the  tube  to  be  found,  on  the  reversal  oi  the  current,  not  to  contain 
a  sufficient  number  of  ions  to  start  the  arc  in  the  opposite  direction.  Hence 
the  arc  initially  formed  dies  out. 

Some  method  must  therefore  h'j  found  for  keeping  up  the  supply  oi 
ions  during  the  periods  of  sr^al!  iiicnto;  iu  otlKr  words,  one  or  both  elec- 
trodes must  be  kept  "  alive." 
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Fig.  665.— Connections  tor 
AC.  Mercury  Lamp. 


Two  ingenious  methods  of  doing  this,  both  given  by  Dr.  Weintraub, 
are  shown  in  Figs.  665  and  666.  In  Fig.  665  A  and  a'  are  both  anodes 
whicli  are  connected  to  the  ends  of  the  secondary  of  a  single-phase  transformer 

T,  the  middle  of  the  secondary  being  joined  to  the  mercury  cup  k  which  is 
to  be  the  kathode.  There  is  a  third  anode  b  which  is 
joined  to  the  +"  terminal  of  a  suitable  continuous 
current  generator  h.  whose  negative  terminal  is  con- 
nected to  K,  and  when  the  action  is  once  started  a 
continuous  current  flows  through  the  vacuum  tube  from 
B  to  K.  This  auxiliary  current  keeps  K  alive  to  supply 
the  necessary  ions  for  the  more  important  currents 
from  the  transformer.  From  their  electrical  position 
it  is  evident  that  a  and  a'  become  successively  +" 
to  K,  and  as  each  of  them  assumes  this  condition  the 
ions  present  enable  a  current  to  flow  from  it  to  K, 
which  can  only  act  as  a  kathode.  The  current  flowing 
is  therefore  a  pulsating  uni-directional  current,  the 
half-waves  in  the  other  direction  towards  a  or  a'  being 
suppressed. 
The  method  shown  in  Fig.  666  is  stUl  more  ingenious,  and  docs  not 

require  a  transformer.     The   single-phase  mains  m  are  bridged  by  two 

reactances  r  and  r'  in  series,  the  common  point  of  the  two  being  joined 

to  the  mercury  in  the  cup  K  which  is  to  act  as  a  -^ 

kathode.    The  mains  are  also  connected  directly 

to  the  anodes  A  and  a'.   The  auxiliary  continuous 

current  circuit  through  b  and  K  is  only  used  to 

start  the  action,  and  is  switched  off  when  the  main 

currents  get  under  weigh.     Assuming  the  action 

to  have  been  so  started,  consider  what  happens 

during  the  latter  part  of   the  half-period  when  A 

is  acting  as  an  anode  to  the  kathode  K.     As  the 

current  dies  away  the  reactance  R  by  its  inductive 

E.M.F.  keeps  up  the  potential  difference  between  A 

and  K,  and  if  the  value  of  the  inductance  of  R  l)c 

properly  calculated  the  p.d.  so  produced  will  be  •       m.-\.c.  Mercury  1 

sufficient  to  maintain  the  flow  of  current  from  A     <fir«ctiy  connected  to  M.,n,. 

to  K  until  A'  comes  into  action.     In  this  way  the  supply  of  ions  is  main- 
tained, and  K  is  kept  alive. 

Colour  of  the  .4r<;.— One  of  the  greatest  drawbacks  of   the  mercury 

arc  when  used  for  general  illumination  is  the  colour  of   the  light.     The 

spectrum  of  mercury  consists  of  two  very  bright  lines  in  the  green  and  blue 

respectively,  and  some  fainter  lines  of  which  two  characteristic  ones  lie  close 
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together  in  the  greenish -yellow.  The  general  effect  of  the  light  is  therefore 
a  vivid  green,  with  practically  an  entire  absence  of  vellow  and  of  red.  The 
valuis  of  the  colours  of  all  objects  illuminated  by  it  are  completely  changed. 
Thus,  light  polished  oak  or  varnished  pitch  pine  appear  green,  and  the 
appearance  of  the  human  face  is  peculiar  and  rather  ghastly. 

Various  devices  have  been  proposed  for  supplying  the  missing  red  rays 
by  introducing  the  vapours  of  other  metals,  and  experiments  have  btHMi 
made  on  the  production  of  metallic  vapour  arcs  in  an  exhausted  space  with 
metals  other  *han  mercury.  The  metals  and  alloys  of  low  melting  point, 
which  have  been  most  used,  are,  of  course,  not  liquid  like  mercury  at 
ordinary  temperatures,  but  by  using  some  of  the  devices  similar  to  those 
already  described  for  starting  the  arc  it  has  been  found  possible  to 
produce  and  maintain  an  arc.  The  metals  hitherto  used  have  been  the 
alkali  metals  and  their  alloys  with  lead,  tin,  cadmium,  bismuth,  zinc.  etc.. 
the  character  of  the  light  emitted  being  dependent  on  the  particular 
metallic  vapours  present  in  the  tube. 

Stratification  of  Electric  Light.— The  positive  light  does  not  always 
appear  as  an  uninterrupted  glow,  but  at  certain  pressures  is  arranged  in 
layers,  or  striae,  differing  in  width  and  intensity.    The  strife  appear  at  the 
ancxie,  and,  both  in  pure  gases  and  in  mixtures,  at  first  increase  m  numlier 
with  the  exhaustion.     Fig.  658   (page  672)   represents  a  tube   filled  with 
carbonic  acid  gas  under  a  pressure  of  o  08  to  o-i2  inch  of  mercury.    The 
brush  light,  which  is  green,   seems  divided  into  regular  discs,  having  their 
hollows  facing  the  anode.    The  glow  light  round  the  kathode  is  lavender- 
blue,  and  consists  of  several  bright  layers.     In  tubes  containing  carbon 
compounds  a  bright  shining  spot  is  often   observed  at  the  ancdc,   from 
which  the  layers  of  light  seem  to  take  their  origin.     Mercury  vacuum  free 
from  other  gases  gives  unstratified  green  light,  and  the  spectrum  is  that 
of  mercury.      In  gases  where  the  light  is  stratified  the  distance  between 
the  layers  increases  as  the  pressure  decreases,  and  the   revolving  mirror 
shows  that  the  striae  move  from  the  anode  to  the  kathode.     Reitlinger 
suggested  that  the  cause  of  stratification  is  due  to  the  fact  that  the  inter- 
mittent electric    discharges  produce  impulses   by  which  the  substances 
forming  the  medium  are  set  vibrating,   the  heavier  substances  collect- 
ing at  the  nodes.     The    separated  non-conducting  substances  are    first 
brought  to  incandescence,  whilst  the  better  conducting  substances  remain 
dark.    We  shall    presently  consider  some  more  recent  explanations  of 
stratification. 

Magrnets  affect  the  Discharges  in  Vacuum  Tubes.— The  cflect  of 
a  magnet  on  light  produced  by  currents  in  a  rarefied  space  was  first  observed 
by  A.  de  la  Rive.  At  all  degrees  of  exhaustion  magnets  act  on  the  dis- 
charges which  behave  like  flexible  conductors.  To  show  this,  let  a  rod  of 
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soft  iron  s  (Fig.  667),  the  projecting  core  of  an  t'lpctro-niaRnct  D,  stand  in 
■A  glass  bulb  E,  and  have  a  glass  tcst-tubi\  with  its  edge  united  with  E, 
placed  over  it.  The  electrodes  are  at  e,  and  e,  the  first 
surrounding  the  glass  tube  pushed  over  s.  The  air  in 
E  being  exhausted  to  about  one-tenth  of  an  inch 
pressure,  when  the  two  electrodes  are  connected  with 
the  poles  of  an  induction  coil,  the  usua'.  phenomena  of 
the  vacuum  tube  are  observed.  If,  however,  current  be 
passed  through  the  coil  D,  s  becomes  a  magnet,  and  the 
light  at  once  begins  to  rotate  about  S.  The  direction  of 
rotation  round  the  magnet  is  the  same  as  that  of  rigid 
conductors  sufficiently  free  to  move. 

Plucker  and  Hittorf  studied  the  effects  of  magnets 

on   discharges   in    rarefied  gases,  and  found  that   the 

behaviour  of  the  kathode  glow  light  differs  from  that  of 

.the  anode  brush  light.    If,   for  instance,   a  Geissler's 

,  tube,  with  a  well-developed  glow  light,  as  in  Fig.  659, 

.^    ^   o:.r;i~.^ti„h,  be  placed  with  its  kathode   between  the  poles  of  a 

Fig.  667. — Kotanon  of  Ltgnt  i  i  i  u  • 

•bout  a  Magnet  io  a  magnet,  the  glow  light  assumes  the  shape  shown  m 
acuum  u  .  ^.^  ^^^  ^^  ^^^.^  plane  of  light  (named  after  its  dis- 
coverer Pliicker's  plane)  the  glowing  particles  behave  as  paramagnetic 
bodies,  and  arrange  themselves  exactly  like  iron  filings.  The  anode 
brush  light  shows  an 
almost  opposite  be- 
haviour when  brought 
between  the  poles  of  a 
magnet  which  are 
equatorially  arranged, 
being  pressed  against 
one  of  the  sides  of  the 
tube,  according  to  the 
direction  of  the  current 
and  position  of  the 
magnets.  If  tube  and 
magnets  be  as  in  Fig. 
669,  the  light  assumes 
the  position  indicated, 
which  may  be  easily 
explained  by  the  usual 

;      ,         ,  ,■  c  FI*. ««.— Magnet  and  Vsenum  Tube. 

rules  for  the  action  of  "^  •»  .,       ,    . 

magnets  on  currents.  The  striae  are  pressed  against  the  near  side  of  the 
tube  near  the  north  pole,  and  against  the  far  side  near  the  south  pole. 
Dr.  Urbanftsky  and  Reitlinger  succe>;ded  in  causing  the  brush  light  to  place 
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Fig.  6^— Effect  of  •  Mapiel  on  •  VManm  Diachargc 

itself  at  right  angles  to  Plucker's  plane.  Magnets  also  affect  the  formation 
of  the  striae.  Gassiot  observed  that  a  magnet  produces  stratification  in 
a  tube  where  there  has  been  none.  According  to 
Wullner,  a  magnet,  brought  near  a  tube  contain- 
ing stratified  light,  produces  new  layers,  com- 
mencing at  the  anode. 

Discharges  in  Higrher   Vacua. -ihe  phe- 
nomena described   so  far   refer   to  electrical  dis- 
charges through  spaces  in  which   the   pressure   is 
from  04  to  -08  inch.     If  the  exhaustion  is  carried 
a  little  further,  say  to  about  -ooi  of  an  atmosphere 
(02  or  -03  inch),  a  faint  image  of  the  glow  light 
appears  surrounding  the  anode  (Fig.  670).   Outside 
this,  at  the  positive  end,  b,  there  is  a  faint  light, 
and  next  comes  a  ball  of  light  well  separated  from 
the  anode.     In  the  middle  of  the  tube  the  brush 
light  divides  along  the  side  passages,  as  shown  in 
the  figure,  and  nearer  to  the  negative  end  it  breaks 
up  into  a  series  of  irregularly  shaped  patches.    The 
ball-shaped  glow  suspended  in  the  middle  of  the  tube 
almost  irresistibly  suggests  ball  lightning  on  a  very 
small  scale.     Repulsion  was  strongly  marked  when 
a  conductor  (here  a  brass  ball,  shown  in  Fig.  671) 
was  brought  within  4  to  8  inches.  The  brush  light 
moved  as  far  back  as  it  could.     The  similarity  of 
this  phenomenon  to  comets,  which  leave  a  well- 
developed   tail   behind  them    {ut  Henry's   comet, 
Fig.  672),  confirms  the  view  which  has  been  main- 
tained  by   Newton,  Olbers,   Bossel,  Faye,    Plana, 
and  others,  that  the  tails  of  comets  undergo  a  real  or  apparent  repulsion 
by  the  sun  ;   and  Urbanitzky  and  Reitlinger  think  the  force  of  repulsion 
between  the  sun  and  the  comet's  tail  explained  by  their  experiment,  shown 
in  Fig.  671,  which  was  verified  by  a  series  of  other  experiments. 


jF|g,  g^— The  B«ll-«h»ped  Glow. 
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Discharges  in  High  Vacua.— When  exhaustion  is  carried  still  higher, 
and  the  pressure  approaches  the  one-millionth  of  an  atmosphere,  the  dark 
space  round  the  negative  electrode  becomes  larger  and  larger  until  finally 
it   occupies  the    whole    tube,  the  striae    and    other    appearances    being 

apparently  driven  away.  The  progress 
of  this  interesting  phenomenon  is  well 
shown  in  Fig.  673,  in  which  the  two 
small  electrodes  at  the  ends  of  the  tube 
are  connected  with  the  positive  pole  p, 
and  the  middle  electrode,  which  is  of  the 
same  size  as  the  cross  section  of  the  tube, 
is  connected  with  the  negative  pole  N  of 
an  induction  coil.  The  dark  space  spreads 
to  the  right  and  left  of  the  kathode  N  ; 
bordering  on  it  we  find  the  kathode 
light,  and  the  fluorescent  and  phosphor- 
escent phenomena  which  always  appear 
when  electrical  discharges  are  sent  through 
Geissler's  tubes. 
Fig  67..-R«Puision  of  Glow  by.  Conductor.         j^^^y  bgautiful  effects   are  produced 

by  the  richness  of  the  fluorescent  rays  contained  in   the  light  of  these 
discharges.     Tubes  having  no  great  rarefaction,   but  made  of    uranium 
glass,  or  surrounded  with  a  solution  of    quinine   or    fluorescent    liquid, 
show  the  effects  when  the  glow  light 
is  well  developed.     But  with  higher 
exhaustion  glass  itself  is  phosphor- 
escent.  Frequently  a  beautiful  green 
fluorescence  is  observed  to  surround 
the  space  of  the  anode  light,  which 
slowly  decreases   in   luminosity  to- 
wards   the   kathode    light.     Beyond 
the  dark  space  where  the  brush  light 
begins  no  fluorescence  is  observed, 
owing  perhaps  to  the  slight  lumin- 
osity of    the  brush  light  compared 
with  the  more  luminous  glow  light. 
Again,   in   tubes   highly  exhausted, 
where  the  kathode  light  shows  very  little  luminosity  on  account  of  the  greater 
rarefication  of  the  medium,  very  bright  green  phosphorescent*  light  may 
be  observed  close  to  the  space  near  the  kathode  ;    by  means  of  magnets 


Flf.  67*1— Heitry'i  Comet. 


•  By  fluorescence  is  understor^fl  'Tip  conversion   of  rays   of  higher  rcfrangibility  into  rays 
c't  lower  refrangibility.     By  phosphoresc    ce  M  meant  the  »elf-luminosity  of  a  body. 
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this  bright  green  light  may  be  brought  to  arrange  itself  in  two  lines.     At 
very  high  exhaustions  the  whole  of  the  glass  phosphoresces. 

In  Fig.  674  the  negative  electrode  consists  of  a  disc,  the  positive  elec- 
trode of  an  ordinary  wire.  The  tube  is  so  far  exhausted  that  no  light 
h  to  be  seen  in  it,  the  discharge  apparently  going  along  the  sides  of  the 
tube,  i.e.  in  the  form  of  a 
hollow  cylinder.  If  now 
this  tube  be  brought  be- 
tween the  poles  of  a  magnet 
N  s,  an  oval  phosphorescent 
ring  appears,  of  the  size  of 
the  cross  section  of  the 
hollow  cylinder.  The  mag- 
net here  appears  to  have 
diverted  the  cylindric  dis- 
charge and  brought  it  to  the 
section  between  the  poles. 

Before  describing  other 
phenomena  which  are  mani- 
fested during  electric  dis- 
charges through  high  vacua. 
It  will  be  well  to  consider  briefly  the  change  in  the  state  of  the  gal 
itself  which  such  high  exhaustion  may  be  expected  to  produce.  Accord- 
ing to  modern  views,  a  gas  at  atmospheric  pressure  consists  of  a  great 
number  of  molecules  crowded  together,  but  all  incessantly  moving  about 
with   many  different  velocities,  the   average   velocity    being    fairly  highi 


Pig  6^— The  Dark  Sp«t  u  ih«  Nefathx  M«. 


Fmj.  674;— ActtoB  of  ■  Magnet  mi  *  Di«el«rf«  IB  •  Hijh  Vacoim. 


The  pressure  on  the  sides  oi  the  containing  vessel  is  due  to  the  con- 
tinuous bombardment  of  these  moving  molecules,  any  one  of  which, 
however,  because  of  the  great  number  present,  cannot  move  very  far 
without  colliding  with  another  molecule  or  striking  the  sides  of  the 
vessel.     In  other  words,  what  is  known  as  the  "  mean  free  path"  is  very 

thort; 

When,  however,  we  pump  out  the  greater  portion  of  the  gas,  and  the 
pressure  falls  to  about  one-millionth  of  its  initial  value,  it  is  evident  that 
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the  freedom  of  .notion  of  tl.c  remaining  molecules  is  enormously  mcreased. 
the  collisions  become  much  less  frequent,  and  the  "mean  <rec  P^th  ,s 
considerably  lengthened.  The  effects  produced  by  passmg  the  clectnc 
discharge  through  such  a  highly  rarefied  gas  are  so  d.stmct  from  anythmg 
we  obtL  in  air  or  Ras  at  ordinary  pressure  that,  m  the  ^-ords  «  ^^ 
William  Crookes,  "we  are  led  to  assume  that  we  are  here  brought  face  to 
l*ce  with  matter  in  a  fourth  state  or  condition,  a  condition  as  far  removed 

from  the  state  of  gas  as  a  gas  is  from  a 
hquid." 

To  examine  these  phenomena  tubes 
constructed  as  in  Figs.  ^75  or  b'b  are 
useful.  In  Fig.  675,  due  to  Puluj,  the 
pear-shaped  highly  exhausted  bulb  has 
two  circular  discs  as  electrodes  placed  in 
the  narrow  neck.  The  kathode  k  u 
placed  below  the  anode  A,  and  when 
they  are  connected  to  the  poles  of  an 
induction  coil  the  body  of  the  tube 
remains  dark,  but  a  ring  of  phosphores- 
cent light  appears  at  p,  and  is  entirely 
outside  the  shadow  which  the  anode  A 
would  cast  if  placed  as  an  obstacle  in  the 
paths  of  bodies  proceeding  in  straight 
lines  from  the  kathode  k.  When  the 
early  editions  of  this  book  were  written 
some  years  ago  it  was  supposed  that  these 
bodies  were  either  particles  torn  oflf  the 
kathode  and  projected  in  straight  lines 
thrf^ugh  the  nearly  empty  space,  or,  ac- 
cording to  Crookes,  that  they  were  the 
molecules  of  the  gaseous  residue  electrified 
negatively  by  contact  with  the  kaihode, 
and  then  repelled  with  a  greatly  increased  velocity.  It  should  be 
observed  that  a  small  piece  of  diamond  fixed  at  d  glows  with  a  soft  blue 
light,  which  Crookes  considered  as  proba  My  caused  by  the  reflected  particles 
of  the  repelled  gaseous  molecules. 

The  experiment  in  Fig.  676,  due  to  Crookes,  is  still  more  striking.  The 
kathode  a  is  a  cup-shaped  piece  of  aluminium  at  the  narrow  end  of  the 
bulb,  and  in  the  middle  is  a  cross  h,  cut  out  of  sheet  aluminium  and  placed 
so  that  the  rays  from  the  kathode  projected  along  the  tube  will  be  partly 
intercepted  by  the  aluminium  cross,  and  will  project  an  image  of  it 
on  the  hemispJiericai  end  of  the  tube,  which  is  phosphorescent.  The  black 
shadow  of  the  cross  is  seen  on  the  luminouj  end  c  d  oi  the  bulb,  and  may 


Fig.  67;.— PhoiplMraccnee  in  •  Vuuiim  Taba. 
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reasonably  be  supposed  to  he  cau>til  by  matter  projected  from  the  negatue 
pole  which  passes  by  the  hide  ot  the  aluminium  cros,  and  causes  the  ^lass 
ex|X(S«Hl  to  its  hombanlinent  to  phosphoresce ;   the  RJass  is  haunnored  ami 
bombarded  till  it  is  appreciably  warm,   and   at   the   same   time  another 
effect  is  produced  on  the  glass  by    this   molecular    bombanhnont  which 
prevents  the  glass  from  responding  easily  to  additional  excitement,  i.e.  its 
sensibility  is  deadened.     But  the  part  wtiich  the  shadow  has  fallen  on   is 
not  tired,    it  lias  not  l)een  phosphorescing  at  all,  and  is  perfectly  fresh  ; 
therefore,  if  we  throw  down  this  cross  (which  can  easily  be  done  by  giving 
the  apparatus  a  slight  jerk,  for  it  has  been  most  ingeniously  constructed 
with  a  hinge),  and  so  allow   the   rays  from  the  negative  pole  to  fall  un- 
interruptedly on  to  the  end  of  the  bulb,  suddenly  the  black  cross  changes 
to    a    luminous    one, 
because    the   background 
is    now  only  capable    of 
phosphorescing  faintly, 
whilst  the  part  which  had 
the  black    shadow  on   it 
retains  its  full  phosphor- 
escent  power.      After    a 
period  of    rest   the  tired 
glass  partly  recovers  its 
power  of  phosphorescing, 
but  it   is  never   so  good 
as  it  was  at  first. 

In  more  recent  experi- 
ments, and  by  using  idle 
poles  at  different  distances 


Fig.  £76.— Kathedi  lUyi  cut  *  Shadow. 


from  the  electrode,  Crookes  showed  that  the  stream  of  molecules  is  nega- 
tively electrified,  though  his  results  at  first  were  puzzling  because  of  the 
development  of  positive  electrification  on  the  glass  due  to  the  fr-ction 
of  the  molecules. 

That  there  is  an  actual  stream  of  matter  was  proved  long  beiore  by 
the  conclusive  experiment  of  setting  up  in  its  path  little  vanes  free  to 
rotate,  tig.  677  represents  a  more  complicated  piece  of  apparatus  devised 
by  Crookes  to  illustrate  a  further  consequence  of  his  theory  that  the  moving 
particles  are  material  and  part  of  the  gaseous  residue.  If  these  particles 
are  continually  repelled  in  straight  lines  from  the  negative  electrode,  then 
unless  they  find  their  ■  «y  back  again  the  phenomena  must  sooner  or  later 
come  to  an  end.  The  case,  however,  is  similar  to  that  of  the  heating  of  a 
kettle  of  water  by  a  flame  placed  under  the  centre  of  the  base.  A  continuous 
stre.im  of  heated  molecules  passes  up  the  centre  of  the  vessel,  to  return 
downwards  by  the  sides  to  supply  the  places  ol  those  subsequently  heatci. 
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Fig.  677 Tlw  Return  of  iht  du  Mokcule*. 


In  Fig.  677  the  rarefied  vessel  is  divided  into  two  parts  by  a  glass  scrwn 
C,  pierced  with  two  small  holes  at  D  and  E.    The  negative  electrode  a'  is 

concave,    and     is    so 
placed  that  its  focus  is 
at  the  hole  d.     Behind 
this  hole  the  little  mill 
F  is  placed  so  that  its 
movable     vanes     can 
come  successively  op- 
posite D.    On  passing 
the  secondary  dis- 
charge, this  mill  rotates, 
as  we  have  already  ex- 
plained.   But  opposite 
the  hole  e  is  another 
little     mill    G,    whose 
vanes  also  rotate,  showing  that  a  current  of  matter  is  passing  thi    igh  e 
from  right  to  left. 
This   experi- 
ment    tends  to 
prove,  though  not 
conclusively    and 
exclusively,    that 
the  moving  parti- 
cles   are   those  of 
the  gas,   and   not 
particles  torn  from 
the     electrode. 
Professor  Crookes, 
however,      carried 
the     experimental 
support      of      his 
theory   much   far- 
ther.   He   showed 
that     the     effects 
e   the  same 
whether  the  elect- 
rode is  made  of  a  ,      ,.         ^  1  *         a 
non-volatile  or  a  volatile  metal,  and  in  the  latter  case  th?.t  the  metal  torn  ofi 
can  be  intercepted  quite  close  to  the  electrode,  the  "  radiant  matter     pro- 
ceeding to  a  distance  alone  and  producing  its  peculiar  effects.     FmaUy,  he 
produced  all  the  phenomena  of  vacuum  tubes  with  the  electrodes  oui%x^  the 
glass  and  therefore  in  such  a  position  that  no  metal  could  be  torn  ofi  them. 
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In  Figs  67S  to  682  we  illustrati-  a  kw  milv  ot  liis  experiments.  Fig.  678 
shows  a  bulb  coiUaininH  some  pure  yllria  .md  a  ttw  rubies  ;  thf*c  he 
over  the  positive  clectroJe  n,  ami  opposite  tlie  iK>;ative  one  A,  bo'h 
electrodes  being  outside  the  bulb.  When  the  pressure  is  0.9  M* 
the  yttria  and  rubies  pho>phorcsce  brilliantly  under  the  molecular 
bombardment. 

Fig.  670  is  a  repetition  of  the  experiment  of  Fi^.  676,  but  in  this  case 
the  electrodes  a  and  11  are  jjjain 
outside  the  glass.  Finally 
Fig.  680  shows  the  production 
of  mechanical  motion  in  a 
vessel  with  external  electrodes. 
The  little  wheel  in  the  centre  is 
made  of  aluminium  with  vanes 
of  transparent  mica ;  these 
vanes  come  successively  into 
the  focus  of  the  negative  elec- 
trode A,  and  when  the  current 
is  passed  the  wheel  rotates  in 
the  direction  shown  by  the 
arrow.  On  reversing  the  cur- 
rent and  making  B  negative, 
the  rotation  is  also  reversed. 
In  this  case  the  pressuie  was 
1.3  M.  Professor  Crookes  also 
showed  that  the  radiant  matter 
particles  are  not  torn  off  the 
inside  of  the  glass  in  these 
tubes. 

Kathode  Rays.— In  1879 
Crookes  ascribed  the  pheno- 
mena which  we  have  just  been 
describing  to  the  existence  in  the  exhausted  tube  of  matter  in  a  fourth 
or  "ultra-gaseous"  state,  to  which  he  gave  the  name  of  "radiant 
matter."  Much  more  recently  it  has  been  customary  to  speak  of  the 
"  kathode  rays,"  a  title  which  has  the  advantage  of  being  purely  descrip- 
tive of  the  phenomena,  and  not  committing  the  user  to  any  particular 
theory  of  the  constitution  of  the  rays. 

Before  discussing  the  probable  nature  of  these  rays,  it  will  be  convenient 
here  to  summarise  briefly  the  experimental  facts  as  known  at  present,  and 
for  which  any  theory  which  may  be  put  forward  must  account.     The  most 

*  The   symixj!    K    stands   for  a  pressure   --.f    am  milHnnlk   .->f    thr    standard    atmospheric 
pressure  of  30  inches  of  mercary. 


Fig,  679  — "  Uaitiaiit  Matter  ■■  Shjdow 
{F.xtimiU  EltLlto.lcs.) 
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strikine  fact  is  (i.)  that  the  rays,  if  undisturbed,  proceed  in  straight  linw 
and  are  intercepted  by  objects  placed  in  their  paths,  definite  shadows 

l>eing  cast  by  such  objects  (s« 
Figs.  67t  and  671).     Secondly 
we  note  (ii.)   that  where   the 
rays    strike   glass   and    many 
other    bodies    they  excite    lu- 
minosity or  phosphorescence ; 
in    other  words,  they  set    the 
particles   of    the   body   which 
they  strike   vibrating   with   a 
periodicity    corresponding    to 
that    of   light   waves.      Then 
(iii.)  if  the  kathode  be  curved 
so  as  to  have  a  "  focus  "  for 
rectilinear  rays,  objects  placed 
at  this  focus  are  heated.     Care- 
ful measurements  have  shown 
that    the    heat    produced    is 
proportional     to     (he     current 
passing  through  the  tube,  and 
not  to  the  square  of  the  cur- 
rent, as  in  conduction  through 
an  ordinary  solid  resistance. 
Next  (iv.)   if  two  kathode  streams  are  converged  on  a  point,  they  repel 
one  another. '  Crookes  showed  this  in  1879  with  a  tube  (Fig.  681)  having 

two  kathodes,  in 
front  of  which  was 
a  mica  screen 
pierced  with  two 
small  holes,  one 
opposite  each  kath- 
ode, thus  redu'^ing 
the  rays  from  each 
to  a  narrow  pencil. 
These  pencils 

were  rendered  visible  by  a  phosphorescent  screen  placed  so  that  it  was 
just  grazed  by  the  paths  of  the  pencils.  On  connecting  either  kathode 
separately  to  the  circuit  the  pencils  took  the  direct  paths  shown  by 
d/  OT  ef.  When,  however,  both  kathodes  were  placed  simultaneously 
in  circuit  the  pencils  took  the  paths  dgoreh,  thus  apparently  repelUng  one 
another  in  the  same  way  that  similarly  electrified  bodies  repel  one  another. 
A  kathode  pencil  is  also  (v.)  deflected  by  a  magnet  as  shown  in  Fig. 


Fig.  eao.-MtehMle*l  Mmiaii  pniuBti  Vy  lUaUrt  Htm. 
{ExttnuU  Ptin) 
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t)^2,  where  the  pencil,  which  should  travel  horizontally  along  «/,  is  deflcctcii 
along  eg  when  the  electro-magnet  n  is  excited.  A  still  more  curved  path  is 
obtained  by  heating  sticks  of  potash  placed  in  the  tube,  thus  diminishing  the 
vacuum.  n  ■ 

Further,  the 
stream  appears 
<vi.)  to  pass 
through  certain 
materials,  more 
particu  larly 
through  alu- 
minium. This  was  shown  by  Lcnard  in  1894  with  a  tube  constructed 
as  in  Fig.  683.  The  kathode  k  is  a  thin  aluminium  disc,  and  the  anode 
is  a  brass  cyhnder  a  a  surrounding  the  leading  in  wire,  and  a  little  behind 
the  kathode.  Facing  the  latter  the  tube  has  «  flat  end  closed  with  a 
thick   metal  cap,  in  which  is  a  small  hole  closed  with  a  thin  aluminium 


fi(   (Cj.  — Kitliodc  Mr«»iii  I><(Iki«<I  ty  >  Majiwt. 


Fie.  681.— I-eo»r<l't  Eiperimtnt  on  l»i»  r*<»I'  »'  Kathode  R»yi  tkranrh  Ahmini.m, 


sheet  m  ni,  cemented  on  so  as  to  be  air-tight  and  metallically  connected 
with  the  anode.  When  the  tube  was  excited  a  faint  bluish  glow  was  seen 
in  the  air,  extending  for  about  two  inches  in  all  directions  from  the 
aluminium  window. 

Finally  (vii.),  the  velocity  of  the  propagation  of  the  rays  has  been  deter- 
mined by  Professor  J.  J.  Thomson,  and  has  been  found  to  be  124  miles 
( •  X  10'  cms.^  per  second,  which  is  less  than  one-thousandth  of  the  velocity 

of  light. 

To  explain  the  above  experimental  facts  several  theories  have  been 
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«.iva..ced;  Wiclomann  and  Lcnar.l  suRgested  that  the  kathode  rays  were 
very  short  transverse  waves  in  the  ether,  similar  to  the  waves  of  hght. 
This  hypothesis  is  rendered  untenable  hy  the  low  velocity  (vi..),  th.  ect.oa 
bv  a  n  Lnet  (v  ).  and  the  mutual  repulsion  (iv.)  ot  the  streams.  .He  tw. 
Ust  named  ll'.>ren,ier  untenahle  a  theory  pr.t  iorward  by  Jaumann  that 

„.'!utXw..  ua.  is^hnt  ori«iuaily  put  ^^^^rV'^'^TZlZ!; 
niodihcd  m  .Kcord-mce  wuh  the  result  of  rc.earchc,  by  Sir  J.  J    > '"  "-''^ 
and  others.     If  we  a,sume  that   the  ravs  consist  of  negatively  charged 
particle    projected  from  the  kathode,  whuh  is  itsel    negatively  charged, 
SJst  of  t'heil>ove  facts  are  e.xplained.     Such  P^'^fy^^^^'^'^;^ 
far  in  an  ordinary  vacuum  tubewithout  mectingcrowd,  of  gaseou,  molecuL  . 
I'hich  would  retld  their  motion.     Hut  in  the  highly  -re.ied  space  in    he 
kathode  ray  tube  much  greater  freedom  .>f   motion  is  po^ible.  ana  the 
•'mean  free  path  "  will  be  considerably  longer      The  particles  would  then 
procTd  in  straight  lines  with  the  enormous  velocity  o(  r.4  -'  ^  P"  ^^IJ^j; 
with  which  velocity  thev  would  strike  anv  solid  obstacle  P'^'-'^J  '"    '  ^'^ 
!ath.     In  these  circumstances  it  is  not  surprising  that  they  should  set  the 
;nolecules  of  the  obstacle  vibrating  and  give  n^  to  P'-P';;;-^^^^^ 
that  thev  should  heat  an  ol>;ect    pl.-ced  at  the  focus.     In  tfie    atter  ca>e 
we  should  expect  the  heat  to' be  proportional  to  the  charge  o   the  rushing 
^arS.:   and'thereforc  to  the  current  instead  of  tl.  square  o     he  cur^nt. 
\nv  such  stream  would  be  acted  on  by  a  n.agnel  (big.  "^-''  •,,;-,    ^,.,, 

correct  ^.M  the  evidence  m  their  lavour  i.  %er>    strong),  tn. 
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cannot  be  diviiled  by  chemical  inotliDiis  t  .in  by  rlectriral  mfttiixis  U.we 
df'tached  from  it  tlicsi-  small  negatively  cli.irneil  l»»ilies  or  "  elfctrons,"  an 
they  are  now  calliil.  Whetlu-r  tiio  electron-  art-  very  small  portion*  ol 
I  rafter  elertrirally  char^^oil  or  are  j.'iixc  i>/  r/ti/riii/v  itM'lf,  has  nut  set  l»vn 
<  ".  .mined.  If  the  latter,  then  we  are  baik  to  Fianklin's  luiellmd  tlie.>ry 
o  "ctricity,  the  actual  Huid  beinj;  what  we  are  a<  i  tistomed  to  recanl  as 
neqative  electrification.  By  def aching'  electrons  from  a  neutral  molfcnle  it 
becomes,  on  this  theory,  positively  charged,  whereas  an  excess  of  rleitrons 
constitutes  a  negative  charge.  Whether  this  be  so  or  not,  exin-rimt  nt  with 
radio-active  bodies  {see  page  706)  shows  that  positive  charges  cannot  be 
similarly  detached,  and  that  although  the  unit  positive  charge  is  cipial  to 
the  unit  negative  charge  (the  "electron"),  the  ion  which  carries  it  has  enor- 
mously greater  mass  than  the  negative  ion,  and  is  probably  never  less 
than  a  full-siied  atom.  This  throws  light  on  Faraday's  experiim  ut  (page 
<.y>)  on  the  length  of  electric  sparks  in  air,  and  also  on  the  transfer  of  metal 
from  the  -|-  to  the  —  electrode  of  a  spark  discharge. 

Only  one  of  the  above  experiments — viz.  No.  (vii.)--has  been  left  unex- 
plained. It  need  not  detain  us  long.  The  kathode  rays,  after  apparently 
passing  through  the  aluminium  window,  do  not  pursue  their  course  in  the 
same  straight  line  as  before,  but  are  diffused  in  all  directions  as  if  proceeding 
from  the  outside  of  the  window  as  a  source.  It  would  therefore  seem  that 
tJiey  are  not  the  same  rays  as  those  which  fall  on  the  inner  side  of  the 
window,  and  the  phenomenon  can  be  explained  by  assuming  that  the  lattei 
by  the  impact  of  the  electrons  render  the  aluminium  radio-active,  thus 
causing  other  electrons  to  be  detached  from  the  outer  surface. 

Explanation  of  the  Dark  Space  and  of  Stratification.— The  electron 

theory  also  supplies  a  very  plausible  basis  of  explanation  for  the  phenomena 
of  vacuum  tubes  at  lower  exhaustions  (^Fig.  671  et  .s<y  )  which  have  long 
puzzled  physicists.  In  this  connection  a  mure  recent  cxpcriineiU  by 
Crookes  is  suggestive.  Figs.  684  and  085  show  the  appearance  ol  the 
same  vacuum  tube  at  different  exhaustions.  The  tube  is  filled  with 
h.lrogen  gas,  but  contains  some  mercury  v.ipour  troni  the  pump.  In  F"ig. 
6S4  the  pressure  is  4  mm.  ot  mercury,  and  the  strix  consist  of  buttons 
with  blue  faces  towards  the  k.ithocle  and  pink  laces  towards  the  anode. 
Flxamined  spectroscopically,  the  pink  faces  gave  strong  hydrogen  hues  only, 
and  the  blue  both  hydrogen  and  mercury  lines.  At  2  mm.  pressure  (Fig. 
68-)  the  blue  appearance  luigralol  to  a  single  button  in  front,  which 
showed  only  the  mercury  lines  and  a  series  of  pink  buttons  nearer  the 
anode,  these  showing  only  the  hydrogen  lines. 

Now  tor  the  explanation.  The  swiftly-moving  electrons  leaving  the 
kathode  sweep  back  the  much  heavier  but  more  slowly  moving  atoms  of 
hydrogen  and  mercury  until  the  latter  are  so  crowded  togttlier  that  they 
can  ='.   0  a  tair  proportion   of   ihe  electrons.     In   this   process  the   heavy 
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mercury  atoms  are  not  driven  so  tar  back  as  the  Ughter  hydrogen  on«L 
mS  the  stoppage  takes  place,  then,  is  a  kind  of  battle  ground  and  the 
hea^materiaf'Ltoms  are  Lt  in  rapid  vibration  by  the  bombardment  to 
which  they  are  subjected,  thus  becoming  luminous  and  g'-ng  out  thc«e 
fundamental  vibrations  which  are  charactenstic  ol  them,  and  which  can 


-- Fif.  «4.-Mercunr  »bA  Hydrogm  Sti»ii6c«tion«. 


h^  analysed  in  the  spectroscope.  We  thus  get  the  first  bnght  button  of 
^.  bsf^ti  its  blue  face  and  pink  back.  The  electrons,  doubtless  now 
e^f  angltd  ^th  some  gaseous  particles,  rush  on.  but  with  dmumshed  energy^ 
entangjec  wiv  6  ^  ^toms  and  molecules,  and  re- 

>Zgrp*cL  .o  to™1he  secL  b»«on,  which  is  Cos.  behind  U.. 


Fig.  685.~Th«  Mine  in  •  Hiiher  Vmcoum. 


first,  and  so  on  for  succeeding  buttons,  each  of  which  is  fainter  than  its  pr*- 

decessor.  „„i„r„lp«  nrescnt  are  reduced  to  one  half 

in  Fig^  685  the  ^l  Thl  t  tht' h^'n  molecules  (the  mer- 
those  m  Fig.  684.  Here,  tnen.  uic  g  .  h^aroeen  molecule)  are  com- 
cury  atom  has  nearly  100  times  the  m^  f*"f^3y  atoms  receive  the 
pletely  swept  out  of  the  space  where  the  ^^^f^J  ^'^^tJ^  i,  bright  blue 

.ouSSTu,."  ulS  Fhy»c.H.aic.,  sod..,  .  disco^y  -h.ch  h« 
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proved  so  epoch-marking  that  it  has  led  to  the  foundation  ot  a  new  branch 
of  electrical  science  which  already  boasts  a  very  considerable  literature. 
The  discovery  was  that  the  rays  from  a  Hittorf  tube  designed  to  give 
kathode  rays  caused  phosphorescence  or  fluorescence  of  some  flakes  of 
barium  platino-cyanide,  although  the  tube  was  wrapped  in  black  paper  to 
obscure  the  Ught.  He  quickly  found  that  the  exciting  rays  were  capable 
of  passing  through  much  more  substantial  obstacles,  such  as  boards,  books, 
thin  sheets  of  aluminium,  etc.,  and  that  they  affected  a  photographic  plate 
even  when  shut  up  in  the  ordinary  light-tight  "  back  "  or  case.  The  most 
striking  discovery,  and  the  one  which  produced  the  most  profound  im- 
pression on  the  non-scientific  world,  was  that  whilst  skin  and  flesh  are  com- 
paratively transparent,  bone  is  nearly  opaque  to  the  rays,  and  therefore  by 
throwing  a  shadow  of    the 

hand,  etc.*  on  a  fluorescent 

screen  it  is  possible  to  "  see 

your  bones." 

It  was  very  soon  proved 

that     the     new    radiations 

differed    from    "kathode" 

rays,    and    as    their    exact 

nature    could   not   be   dis- 
covered at  once,  Professor 

Rontgen    gave    them     the —  - 

°     ,    Z,       ,  1  1  i-lg.  t«.-A  "Focui"  Tube 

name  of  X-  (or  unknown) 
rays.  In  honour  of  their  discoverer,  however,  they  are  now  frequently 
referred  to  as  "  Rontgen  rays."  They  differ  from  kathode  rays  in  not 
being  deflected  by  a  magnet,  and  in  passing  freely  through  the  glass  of  the 
vacuum  tube.  They  make  gases  through  which  they  pass  conductors, 
and  thus  discharge  both  +"  and  — "  electrified  bodies,  and  only  to  a 
slight  extent,  if  at  all.  can  they  be  regularly  reflected,  refrartf.d,  or 
polarised. 

To  prxiuce  the  Rontgen  rays  most  copiously  special  tubes  must  be 
used.  It  is  necessary  that  the  kathode  rays  should  strike  some  obstacle, 
and  Rontgo^n  himself  showed  that  platinum  was  much  better  than  many 
other  materials  for  the  purpose.  Mr.  Herbert  Jackson,  of  King's  College. 
London,  showed  that  the  best  results  were  obtained  by  a  tube  arranged 
as  in  Fig.  686,  in  which  the  anode  is  a  flat  platinum  plate  fixed  at  an  angle 
of  45°  to  the  kathode  stream  and  placed  in  the  "  focus  "  of  a  concave 
kathode.  The  tube  should  be  more  highly  exhausted  than  for  the  kathode 
rays  only,  and  when  so  constructed  is  now  known  as  a  "  focus  "  tube. 

It  is  not  necessary  that  the  platinum  plate  should  be  the  anode ;  10 
long  as  it  is  placed  in  the  right  position  at  the  focus  ot  the  kathode  the 
anode  may  he  placed  anywhere  in  the  tube.     When  it  is  not  the  anode 
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the  platinum  plate  is  known  as  the  anti- kathode.  A  tube  in  which  the 
platinum  can  be  used  either  as  an  anode  or  an  anti-kathode  is  shown  in 
Fig.  687,  which  illustrates  a  tube  made  by  Messrs.  Gnffin  and  Sons  ;  a 
is  the  kathode  terminal,  c  the  r. 

terminal  connected  to  the  anti- 
kathode,  and  6  the  separate 
anode  terminal.  Such  tubes 
are  very  often  used  with  the 
terminals  b  and  c  joined  by  a 
wire,  so  tliat  they  both  act  as 
anode  terminals. 

The  tubes  just  described 
are  for  use  with  unidirectional 
currents  Early  in  1896  Professor  Elihu  Thomson  and  Mr.  A.  A.  C.  Swinton 
independently  constructed  tubes  for  use  with  alternate  currents,  which  are 
now  so  readily  procurable  from  public  supply  mains.    Mr.  Swinton's  tube 

is  shown  in  Fig.  68S.  The  platinum 
disc  is  used  as  an  anti-kathode< 
»•.  "  coijcave   aluminium    discs 

.      -       .ected  to  the  current    cir- 
;;       As    the    current    alternates 
I  •         f  these  in  turns  is  a  kathode, 
and    directs    its    rays    on    to    the 
platinum  plate,  whence  the  Rontgen 
rays  are  radiated  in  the  same  direc- 
tion whichever   aluminium    disc   is 
the  kathode.      In  such  tubes  it  is 
very   necessary   to   focus    the    two 
kathodes  carefully  on  to  the  same 
part  of   the  anti-kathode  so   as  to 
secure  a  single  radiant  point. 
-       Many    patterns   of    tubes,  some 
very  complicated,  have  been  devised 
with  the  object  of  overcoming  minor 
difficulties  in  working  and  of  adapt- 
ing the  radiations  to  special  require- 
ments.    For    instance,  tubes    have 
been  made  with  movable  kathodes, 
with  several  anti-kathodes,  and  with 
special  devices  for  controlling  the  vacuum.    These  last-named  devices  have 
been  found  necessary  because  when  a  tube  has  been  worked  for  some  time  the 
vacuum  is  found  tu  "  .iprove  to  such  an  extent  that  the  penetrative  r«wer 
of  the  ra>'s  becomes  too  great  to  give  the  sharp  contrasts  between,  say, 


Svinloo't  Tub*  for  -Ahcnulc  Cucrcnu. 


RotnvEy  Ray  JVbes. 


tut 


bone  and  muscle,  upon  which  the  vahie  of  radiographs  depends.  Tech- 
nically, the  tube  is  said  to  become  "  hard/'  The  devices  for  controllmg 
the  vacuum  are,  therefore,  of  practical  importance,  and  tubes  fitted  with 
them  are  known  as  "  regenerative  tubes." 

Reg-enerative  Tubes.— One  method  of  control  is  shown  m  Fig.  6SQ. 
Tl.  tube  consists  of  two  bulbs  and  narrower  portions.  During  the  process 
of  exhaustion  of  any  Rcintgen  ray  tube  the  glass  is  heated,  when  high  ex- 
haustions  are  being  reached,  so  that  any  gases  occluded  on  the  inner  sur- 
face  may  be  driven  out  and  removed  by  the  pumps.  In  the  tube  in  Fig. 
t  8c,  this  process  of  heating  has  only  been  applied  to  the  bulb  a  containing 
the  kathode,  consequently  the  glass  of  the  bulb  B  still  contains  occluded 
gases  on  its  inner  surface.  When  the  vacuum  of  the  tube  whilst  working 
has  become  too  high,  bulb  b  is  gently  heated,  and  some  of  the  gases  are 
driven  off  into  the  tube,  thus  reducing  the  vacuum. 

Anotlier  ingenious  method  is  to  seal  through  the  glass  in  a  convenient 


Fig.  61^— R«ge»eraliv«  RSntgen  Ray  Tub*. 

side  tube  (a.  Fig.  tiS:)  a  wire  made  of  platinum,  palladium,  or  some  alloy 
which  has  the  property  to  a  very  marked  degree  of  occluding  a  gas  such 
as  hydrogen.  When  the  tube  becomes  "  hard,"  the  outer  end  of  this  wire 
can  be  cautiously  heated  with  the  flame  of  a  spirit  lamp,  from  which  it  will 
absorb  the  gas  required.  By  a  process  of  transfusion,  or  osmosis,  as  it  is 
called,  the  gaseous  molecules  are  passed  through  the  metal  much  as  water 
passes  through  a  sponge,  and  when  they  arrive  at  the  inner  surface  the 
reduced  pressure  there,  combined  with  the  high  temperature  of  the  wire, 
causes  them  to  pass  into  the  vacuous  space,  thus  increasing  the  pressure 
and  reducing  the  vacuum. 

Whatever  method  is  used,  the  net  essity  for  re-exhaustion  has  to  be  faced 
sooner  or  later,  and  therefore  all  X-ray  tubes  are  designed  so  as  to  be  easily 
sealed  on  to  the  pumps  again.  Some  of  the  methods  of  obtaining  the 
necessary  high  vacua  have  already  been  described  (see  pages  23^  to  2j6). 

RadiOSCOpes.— The  "  seeing  of  the  bones  "  is  at  once  the  most  striking 
and  one  of  the  most  useful  of  the  experiments  possible  with  Riintgen  rays. 
For  this  purpose  the  object  to  be  examined,  say  the  human  hand,  is  placed 
in  the  path  of  the  rays,  wluih  afteiwards  fail  upon  a  fluorescent  screen. 
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Fig.  690. — Lady's  Hand.    Normal. 


Such  a  screen  is  made  by  spreading  evenly  ove.-  a  sheet  of  paper  fine  crystab 
of  certain  salts,   some   adhesive   material  being   used  as   a   vehicle.      1  he 

salts  most  used  are  b-rium  platmo-cyanide, 
used  by  Professor  llontgen  in  his  early 
work,  and  potassium  platino-cyanide,  sug- 
gested by  Mr.  Jackson.  A  good  result  is 
obtained  by  dissolving  the  barium  platino- 
c>'anide  in  aniyl  varnish  and  painting  the 
screen  with  the  solution.  The  screen  should 
be  backed  with  thin  ebonite  or  black  paper 
to  ejKclude  ordinary  transmitted  light. 

The  best  method  of  using  such  screens 
is  in  a  proper  radioscope,  which  consists 
of  a  pyramidal  shaped  light-tight  box  with 
the  screen  at  the  wide  end  and  a  suitable 
eye-piece,  whose  sole  function  is  to  fit  the 
contour  of  the  face  somewhat  closely,  so 
as  to  exclude  all  extraneous  light.  This 
precaution  is  necessary  because  of  the  faint- 
ness  of  the  image,  which  can  only  be  dearly 
examined  when  the  eyes  have  been  well  rested  and  no  other  light  is  present. 
The  kind  of  appearance  obtained  is  represented  in  Fig.  690,  which 
IS  reproduced  from  a  radiograph  by  Messrs.  Coxeter  and  Son  of  a 
Udy's  hand.  Metal  objects  such  as  the  ring  and  the  bracelet,  being 
quite  opaque  to  the  rays,  appear  black.  The  bones,  which  are 
only  partly  transparent,  are 
clearly  defined,  whilst  the  flesh 
is  outlined  as  a  nebulous 
shadow.  One  important  appli- 
cation is  obvious,  namely,  the 
detection  of  foreign  metallic 
bodies,  such  as  bullet=  imbedded 
in  the  flesh.  For  instance,  we 
have  in  Fig.  691  a  radiograph 
(also  by  Messrs.  Coxeter  and 
Son)  of  a  human  foot  clearly 
showing  a  needle  imbedded  in 
the  flesh. 

If  the  effect  is  to  be  seen  by  several  people  at  once  the  room  must  be 
very  completely  darkened,  and  even  the  fluorescent  light  from  the  X-ray 
tube  obscured.  The  sparks  of  the  contact  breaker,  if  it  is  in  the  room< 
must  also  be  screened.  With  these  precautions  it  is  quite  possible  to 
exiiibit  the  shadows  on  the  screen  to  quite  a  number  of  people  at  once* 


.  69i«— Radiograph  o.  Foot  ihowing  N««U« 
imbidJed  in  ihe  Flesh. 
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Such  shadows  may  reveal  the  contents  of  closed  bags  or  boxes  (provided 
the  box  is  not  made  of  metal)  or  the  skeletons  of  living  animals  or  parts 
thereof.  A  shadow  picture  of  a  bag  containing  a  key,  a  coin,  a  corkscrew, 
&c.,  is  shown  in  Fig.  693 ;  the  metallic  objects  are  all  very  sharply  exposed, 
although  they  are  surroundeil  with  materials  opaque  to  ordinary  light. 

Radiographs.— It  has  been  pointed  out  that  the  P.  intgen  rays  not  only 
cause  the  screens  we  have  described  to  fluoresce,  b. .  ;hat  they  act  on  or- 
dinary photographic  plates.  The  result,  however,  differs  from  an  ordinary 
photograph,  because  of  the  non- 
refrangibility  of  the  rays.  In 
ordinary  photographic  work  an 
image  of  the  object  to  be  pho- 
tographed is  formed,  more  or 
less  perfectly,  on  the  photo- 
graphic plate  by  refraction 
through  the  lenses  of  the  camera. 
But,  since  the  Rontgen  rays  arc 
not  refrangible,  lenses,  etc.*  are 
useless,  and  all  we  can  do  is  to 
throw  a  shadow  on  to  the  sensi- 
tive plate.  All  the  advantage  of 
a  reduction  of  size  and  concen- 
tration of  effect  is  therefore  lost, 
for  the  shadow  cannot  be  smaller 
than  the  object,  however  close 
the  latter  may  be  to  the  plate. 
True,  having  once  obtained  a 
radiograph,  as  it  may  be  appro- 
priately called,  we  can  by  photo- 
graphy either  enlarge  or  diminish 
it.  Another  disadvantage  in 
radiography  due  to  the  same  cause  is  that  perspective  effects  cannot  be 
obtained,  for  a  shadow  has  no  perspective. 

Another  difficulty  which  gave  much  trouble,  especi.iUy  with  the  early 
experimenters,  is  the  feebleness  of  the  photographic  action,  which  render-, 
long  exposures  necessary  to  obtain  a  good  effect.  At  first  exposures  of 
twe/ty  minutes  or  longer  were  not  uncommoi. 

Attempts  were  made  to  surmount  these  difficulties  by  photojiraphinj» 
the  shadows  on  the  fluorescent  srreens.  Unfoi  tunately,  owin-,'  to  slight 
movements  of  the  radiant  point,  these  shadows  are  not  perfectly  steady, 
and  as  the  light  emitted  is  somewhat  feeble  the  results  arc  not  good.  The 
outstanding  difficulties  are  being  overcome  by  careful  attention  to  small 
details. 


I  ig.  6sa.— Rxiiofriph  of  object!  in^idt 
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ard  there  have  been  several  other  martyrs. 
Methods  of  protection  by  suitable  screens 
are  now,  however,  well  understood,  and  it 
is  possible  to  use  the  distinctly  valuable 
therapeutic  effects  of  the  rays  in  lupu-.  and 
o.her  skin  diseases  without  danger  to  the 
operators.  The  developments  m  this 
direction  are,  however,  beyond  the  scope 
of  this  book. 

In  Fi"s.  60  ^  to  6q6  we  give  some 
examples ';)f  radiographs.  Fig  ^93  '*  the 
reduced  radiograph  of  a  1  md  and  wns 
encircled  by  a  bracelet ;  A  corresponds 
to  the  photographic  negative,  anc.  should 
be  compared  with  Fig.  fepo.  when  it  will 
be  found  that  the  light  and  dark  portions 

are  reversed.  . 

Fig  604  is  a  radiograph  of  a  side  view 
of  a  hving  head  in  which  details  of  the 

is  given  in  Fig.  695  :   this   in  the  bony     '  " 

ribs   and   the   sternum   clearly  show  as 
against  the  more  fleshy  parts.     A  metal 
«tud  or    button  used    as    a    fasten    for 
clothing  at  the  neck  is  very  prominent. 
Examples    could    be    multiplied    to 

any  extent  with  varying  degrees  of  in- 
terest.     We    give    finally   in    Fig.    696 

another    radiograph     of    a    hand,    the 

interesting  point  being  that  the  Rontgen 

rays  used  travelled  through  a  sheet  ot 

black  vulcanised  fibre  absolutely  opaque 

to    ordinary    light.    In    this    case    the 

time    of    exposure    was    four    minutes 


f,^   fHji-Kad.ograph  of  «  Livmii   Head. 
^Ji,cxtttr  and  S»n.  fkol) 
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<  yj  — Rudiograph  of  1  Thorat. 

tC#af«."  anJ  i*»<.  f^ft ' 


several    films    are    placed 

behind    one    another    they 

all  receive  the  impression, 

and  almost    to    the    same 

extent,   showing    that   the 

rays  pass  through  the  first 

ones  practically  unchanged. 

In  (act,  an  image  has  been 

obtained  on  each  of  a  pile 

of    one    hundred    bromide 

papers  exj)osed  at  the  same 

time.     The  images  were,  of 

course,  all  negatives.  Films, 

etc.,  which  are  not  being 

exposed  must  be  enclosed  in  metal  boxes,  as  the  ordinary  light-tight  canl- 

board  boxes  are  useless,  being  quite  transparent  to  the  Rontgcn  rays. 
Localisation  of  Imbedded  Bodies.— The   fact   that   the  shadows  of   all 

bodies  in  the  same  straight  line 
between  the  screen  and  the  radiant 
point  appear  in  the  same  position 
on  the  screen  makes  it  very  difficult 
to  determine  the  exact  position  of 
any  foreign  body,  such  as  a  bullet 
or  a  needle,  which  may  be  imbedded 
in  the  flesh.  Many  plans  have  been 
devised  to  overcome  the  difficulty. 
We  can  only  here  describe  a  fairly 
successful  one  by  Dr.  Mackenzie 
Davidson,  which  ingeniously  makes 
use  of  the  stereoscopic  principle. 

The  apparatus  as  made  by  Messrs. 
^'ewton  &  Co.  is  shown  in  Fig.  » g;, 
■n  which  m  is  an  electric  motor 
controlled  by  the  variable  resistance 
R  and  giving  the  necessary  synchron- 
ous motion  to  the  different  pieces  of 
apparatus.  The  idea  is  to  energise 
alternately  two  focus  tubes  a  and  b 
(Fig. ■608),  which,  with  the  fluorescent 
screen  F,  are  placed  on  the  far  side  of 
the  screen  s  s  (Fig.  6qy).  The  object  to  be  examined  is  placed  between  the 
tubes  A  r;  ar.d  tlic  screen  F.  The  opaque  screen  s  s  ha?  two  opening?  a  ar,d 
h  side  by  side,  which  arc  opened  and  closed  alternately  by  revolving  shutters 


t^ig.  6^  —Radiograph  taken  through  lUack  Vulcmnis«d 

Fibre. 
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driven    by  the   motor   m. 
The  right-hand  opening  « 
is  clear  when  the  lett-hamk 
tube  A  is  excited,  and  the 
opening  6  is  clear  with  a 
closed  when  the  tube  B  is 
excited.    Seen  without  the 
shutters  the  shadow  on  the 
screen  F  would  appear   to 
be  very  unsteady,  lor  it  is 
formed   first   by  one  tube 
and    then    by    the    other. 
With  the  shutters  at  work, 
however,  one  eye  sees  only 
the  shadow  formed  by  one 
tube  and  the  other  eye  the 
shadow    thrown     by    the 
other;    Thus  a  true  stereo- 
scopic   effect    of    solidity 
and  depth  is  obtained; 


Hg.697.-Dr.  Maclenii*  DiYldton's  Sierenscopic  InlerrupHf. 

It  remains  only  to  explain  how  the  illumination  of  the  tubes  is  made  to 
synchronise  with  the  movements  of   the   two  shutters     ■^^■-  ■=  —- 


This  is  accom- 


plished  by  the  apparatus  on  the  lower  side 

of  the  motor  m  (Fig.  097).      The  two  tubes 

A  and  B  are  excited  by  two  induction  coils, 

whose   primary  circuits  are  in  parallel   and 

connected  to  the  terminals  T,  and  T,  respect- 
ively.    One  common  end  of   these  circuits 

is  at  the  mercury  in  the  vessel  v,  in  which 

dips   a    two-bladed   contuct- breaker  driven 

by  the  motor    m.      From  these  blades  the 

current  is  led   to  a   contact   piece   on    the 

ebonite  disc  D,  which  alternately  closes  the 

circuits  of  the  t,  and  t,  terminals,  as  shown 
diagrammatically  in  Fig.  699,  where  c  is 
the  revolving  contact  joined  througn  x  to 
the  circuit-breaker,  and  s,  and  s,  are  sliding 
brushes  connected  to  T,  and  T„  and  each 
making  contact  with  c  once  in  every  revolu- 
tion. The  apparatus  is  adjusted  so  that  when  ,  ,^  ,  .  •.  tk- 
one  of  the  circuits  is  closed  at  c  the  dipper  m  V  breaks  that  arcmt.  The 
same  thing  happens  half  a  revolution  later  in  the  other  circuit.  Thus  the 
tubes  A  and  B  (Fig.  6q8)   are   alternately   Uluminated.      As  the   moving 


F  g.  698,— Stereoieopie  Ridiography. 
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•butters  at  a  and  6  (Fig.  697)  are  driven  by  the  Mme  motor  which  drives 
the  disc  D  (Fig.  699)  it  is  merely  a  matter  of  adjustment  to  obtain  the 
necessary  synchronism.  It  is  claimed  that  the  apparatus  is  so  effective 
that  a  bullet  hidden  in  a  loaf  of  bread  can  be  touched  by  a  probe  at  the 

first  trial,  for  the  stereoscopic  effect  ex- 
tends not  only  to  the  loaf  and  the  bullet, 
but  also  to  the  probe. 

T. — THE   BRUSH    DISCHARGE    IN    AIR. 

When  an  insulated  conductor  is 
brought  to  a  high  potential  by  means 
of  either  an  influence  machine  or  an 
induction  coil,  the  conductor,  if  in  a 
dark  room,  will  be  seen  to  be  sui- 
lotmded  by  a  glow  which  is  more  es- 
pecially noticeable  on  points  and 
projections,  as  in  Fig.  700.  Examined 
carefully,  it  will  be  found  that  the 
charge  of  the  conductor  is  si'ently  escaping  b>  the  particles  of  dust,  etc., 
and  the  actual  molecules  of  the  air  are  becoming  electrified  and  are  travelling 
off  down  the  lines  of  force.  The  luminous  phenomena  only  occur  when 
the  potential  is  very  high,  but  the  discharge  from 
points  occurs,  as  previously  explained  (see  page 
82),  at  low  potentials.  If  a  very  powerful  in- 
fluence machine  be  used  the  discharge  becomes 
much  more  brilliant,  and  somewhat  like  Fig.  701. 
There  is  also  a  slight  crackling  or  sizzling  noise. 
A  further  modification  takes  place  if  another  con- 
ductor is  brought  near  the  insulated  conductor, 
but  not  near  enough  for  a  spark ;  for,  as  we  should 
expect,  the  lines  of  force  along  which  the  elec- 
trified particles  are  passing  converge  on  this  con- 
ductor, and  the  brush  gathers  itself  up  into  a 
bunch  as  shown  in  Fig.  7°*- 

Hlgrh  Frequency  Dlschargres.— Some  re- 
markable effects  were  produced  with  these  dis- 
charges by  Mr.  Nikola  Tesla  in  some  experiments 
which  he  undertook  many  years  ago  with  the  object  of  discovermg  a 
more  economical  method  of  illumination  than  any  of  those  at  present  m 
use.  In  these  experiments  he  used  static  transformers  (see  page  433), 
the  primary  or  thick  wire  coil  of  which  was  supplied  with  currents  from 
a  specially  designed  high  frequency  alternator,  the  periodicity  of  the 
currents  being  hundreds  of  thousands  per  second.    One  cffea  is  shown  n: 


Fig.  TOQi  -Bniik  Ditcharg*. 
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Fig.  703,  in  uliicb  the  discharge, 
instead  of  passing  directly  acro» 
from  one  terminal  to  another, 
appears  as  two  fiames  passing 
directly  upwards  from  the  ter- 
minals. These  flames  are  hot, 
and  are  considered  by  Mr.  Tesla 
to  resemble  ordinary  flames  more 
than  would  at  first  be  thought 
possible,  and  would  exactly  re- 
sembla  them  if  only  the  potcn- 
tial  and 
frequency 
were  sufii- 
c  i  e  n  t  1  y 
high.  The 
difference 
^  V  «...  would      be 

Fig.  701 -Btuih  Duciivg*.  ...       ... 

that  m  the 

electric  flame  there  would  be  no  chemical  action  or 

consumption  of  material.     It  is  thus  rendered  prob- 
able that  the  li«lu  and  heat  of  an  ordinary  flame  are 

due  to  electrical  actions,  to  which  the  chemical  changes 

are   subsidiary,   though  at  present  necessary.     The 

flame  from  one  terminal  is  much  intensified  if  the 

other  terminal  be  joined  to  a  point  on  the  primary 

circuit  as  in  Fig.  704.     In  this  case  it  resembles  the 

phenomenon  known  as  "  St.  Elmo's  Fire." 

With  the  trans- 
former described  at 
I  age  437  and  using 
a     high     frequency 

alternator  in  the  primary  (thick  wire) 
circuit,  Mr.  Tesla  obtained  brilliant 
streams  of  light  by  bringing  the  termi- 
nals of  the  secondary  coil  sufficiently 
close.  By  properly  shaping  the  wires 
some  beautiful  effects  were  produced. 
For  instance,  by  bending  the  wires  into 
the  shape  of  large  and  small  circles  and 

placing  them  concentrically  in  the  same  plane,  the  brilliant  luminous  disc 

shown  in  Fig.  705   was  obtained.    The  circle  c  was  about  12  inches  and 

the  circle  c  about  32  inches  in  diameter; 


Fig.  /<».  -Brad)  Dbchaif* 


Fig.  703.— Bnnh  Dischargt  from  Coii. 
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In  iubsequent  rescarthca 
Mr.    TesU  dispensed  with 
the  high   frequency   alter- 
nator     as     a     source     "f 
current,    and    obtained 
currents   of    nmch   higher 
lrc<iuency  than  the  above 
by    usuig    the    discharges 
Irom  the  Tesla  apparatus 
described    on     page    658. 
Brilliant    sparks     several 
inches  long  can  be  drawn 
by    the    hand    Irom    the 
knobs  D  (Fig.  640)  without 
any   personal    discomlort. 
Their  frequency  is  so  high 
that  the   current  is  very 
nearly  in  quadrature  with 
the  P.  D.,   the  tangent  ol 
the  angle  of  lag  being,  as 

we  have  already  seen,  *j , 

which  is  nearly  infinite 
because  of  the  high  value 
of  p  (=2  r  n).  The  cur- 
rent is,  therefore,  nearly 
wattless,  and  the  amount 
of  energy  involved  is  very 
small.  It  is  probably, 
however,  the  very  high 
frequency  which  makes 
the  spark  innocuous. 

If  an  ebonite  plate 
covered  with  points  be 
connected  to  D  (Fig.  630), 
an  intensely  violet  and 
copious  brush  discharge  is 
obtained  which  has  been 
tound  to  have  very  im- 
portant therapeutic  pro- 
perties.     I 

The    Testa    apparatu 
described    on     page    6:8 


pig.  ;o].— Loaiiiiow  Diio. 
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(.reduces  an  intense  altcrn  .le  electrostatic  fidd  in  .ts  ne.g  .ourhoo.  and 
wi.en  it  is  working  well  sparks  can  be  drawn  trom  any  mei..  ob,ect  in  the 
room,  and  any  va.uum  tubes  that  are  lying  about  ar.  re...  rel  lumn -.us 
by  the  electric  surgillg^  set  up  in  them. 
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VI.— THE   COSDLCTION   OF   ELF'  TRICn 

AUhi.ugh  the  "seeing  of  the  bom-f       -s  a  o   iMqueii      i.t 
of  the  X-ravs  is  wluit  apr    ils  nios'  sti.  wgly  u    the  p.  imU.    iir. 
another  rroporty  olwerved    v  R-ntgen  ai.       riefly  iii.  ntiuned  on  : 
;s  of  th.    iiighest  scientific  importance  an.l  aim"st  iinmediately 
reaching  ..i.  nt.Iic  effects.     This  property  is  tiiat         •  v  make  ga-- 
which  they   pass  conductors."     I'nder  oriiir..u\  imstancs 

from  dust  act  as  pt  rfect  insulator'^  i*tween  '.wu  Mdu     A  tli^cr 
vmtil  t'       Irctric  pressure  riMS  t<'  a  value  suft.ciently  hij; 
<belettnc.     Iv  idence,   however,  ^•  ts  not  lacking,  even 
discovei\.  that  under  ,*rtain  cir>     nstan  i    this  insulating  ,  >v 
the  gas  actmg  at  least  t,     lurarii,    ■     i       f-le  cc       .ctor.     Ot:. 
l.ringmg  about  this  contt     ting  stah  wa^  luund  in     onn<ctioi 
violi  t  light. 

Discharge  by  Ultr.  Violet  .es.  a  v  msulatca  iKgativcly- 
charged  body  which  wonl.i  retain  .is  i.dfge  i.  days  ..  ^der  ordinary  circum- 
stances  has  directed  t  xv  it  a  bea  of  '  'tra-  ,aet  lu-H  it  v  be  .umost 
instantaneously  discharp  d.  it  has  air...  been  expl  .i  th<.t  the  ether 
waves  which,  within  the  limits  of  the  ule  spec:  ur  ro-  ute  light. 
♦  xtf  nd  in  both  direction    '^eyond  the  Pj    ctrum.    Thos-  i.^rter  wave- 

len^'th  than  violet  light  known  as  uUra-vioiet  wa\     ,    Jid  have  the 

property  noted  above,  tha    they  car      use  a  negatively-chiu ged  body  on 


1        very 

ition 

^'     "H. 

ad  lar- 

ough 

s   free 

'ntials 

re  'he 

Kontg'    '« 

!  was  k'si 

nethod  ■  ' 

with  ultr.i- 


thev    fall   to   bse      s 


fhargi       They   do  not,  however,  affect   a 


po    t  ively-rharged  body. 
•  me  mav  expla      t* 
.  hargr   is  dm   to  an 
apidly-vibiaiing  eth 
U":y  .md  atta'  h  the: 
tbii   It  the  d  Miharg' 
lit  -jmes  nep.T'vely  chu. 
'leuig  asfr  TV.;,      w-th  th 


to 


distu' 
^.      afiei 

ri=3Pmt  thro 
passage     ■ 
fcgardii 


1      tht   -the 


heiu  ai  iius -.—Assuming  that  the  ntgative 

f  the  i  ,at  and  mobile  negative  electrons,  the 

losen  the  hold  of  these  on  the  charged 

SI         iiding  gaseous  molecules,  for  it  is  found 

in  a  closed  space  the  contained  air 

the  other  hand,   the  positive  charge, 

material  atoms  and  molecules,  cannot 

and  thus  a  positively-charged  body  is 


jas.—        .\plaining  the  conduction  of   the  electric 

.  electro. ytes  (see  page  199)  it  was  shown  '-hat  the 

city  through  the  liquid  is  most  readily  explained  by 

ited  ions  of  the  electrolyte  as  acting  as  carriers  for 
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th     -^•*  aid  — "  s  which,  lluwing  in  oppositf  dinctior     ronsti'.ntr 

t'       nrnnt.     Tin  id  is  said  t^i  U-  i-^niscd,  iind  thf  coi.  .iKtivity    •> 

isiiii'  of  the  it'll'    vcloiitv.     It  lias  Utii  (ciuiul  that  a.11  »-li'i  troh   t-s  a  ■ 
IKTiiiaiKiitly    iuis.d   (iiidition,  fur   i-wn    Iwi    ■    (»mdiu   -iig      'm«is 
ii  .>  iuiiiiIht  ot    oiis  vi'i\    L'"\U  in  romparisiin       t' 
id  in  unit  till!     at  tlif  i  "dc     It  iollnv. 


Ch 

Ohr   s  law,  thi-  (    • 
voha^t  . 

Ky  methods  of  •     i 
Ix'  .liscussi'd  111 
can  1"  made 
<haigi  d  wit! 
arc  5)latfd  in 
the  hni-S  of  fu 
the  result  wi! 

The  ..ise     t    ; 
liquid.     In  a  gas  w. 
no  (harged  inns  exist 


lit  1"  mg     'mtiy  proi'ortinii 


iijiJinlH       i 

•■'ivtes  Hi- 
av.iilal 


'  !i  one  or  t\\>i  instances  have  lieei       vtn  aiid  whii  li     dl 
resently,  the  partic  les,  atoms  r,    inoU  i  iik-s  o(  a  l;.ss 
k.    ilie  ions  ol  an  electrolyt'  ,  that  is,  they  ean  Ke  jnu' 
barges,  -)-"  or  ^",  ami  it,  wluu  so  charged,  tliey 
tield  of  force,  the  charg-  d  particles  will  move  alont; 
dance  with  known  eUnientary  electri.  al  laws,  and 
ric  c\irrent.  ^ 

uwever,  is  distinctly  diffennt  liuin  that  ol  tin 
=  ,;'ened  trom  ionisini:  influences  it  «  prohable  that 
On  exposure  t"  iuni^-uig  radiations  ionisation  pn^- 
ceed^  throughout  the  whole  \  olunie  of  tin-  gas  exposed  to  the  ia\s  hut  niily 
to  a  limited  extent,  tht  number  of  ions  pi    uuced  m  unii  time  U'liig  a  nie.isure 
ol  the  intensity  of  the  radiation  alworln-d  i>\   tlu-  gas.     Hiiiic  th<'  turu'iit 
which  these  ions  can  produce  when  the  space  ip  which  they  exist  is  an 
electric  field  between  two  electrodes  kept,   h\    a  battery  or  othtrwise,  at 
different  potentials,  is  not  entirely  dependent  upon  the  potmtial  differeme. 
If  the  potential  difference  be  sufficiently  high  to  set  the  ions  moving  wit! 
the  maximum  velocity  with  which  they  can  pass  through  the  gas.  th' 
flowing  will  be  indepi-ndent  of  the  voltage  and  therefore  will  ii 
accordance  with  Ohm':,  law.     The  critical  i   itential  difference  r< 
known   as   the   "  sitturathig   voltd^c"   and   the  coi  responding 
"  MttHnttion    current."         For    weak    ionising    influences    nndi 
conditions  about  300  volts  is  sufficient  to  produce  the  r-aturatn 
When  the  ionising  influence  is  withdrawn,  the  oppositely  chargen 
recombine  and  the  gas  resumes  its  usual  non-condncting  stat. 
whilst  under  the  ionising  influence  the  tendency  to  recombinatit.. 
present. 

Fur  the  more  powerful  ionising  iiifluences  the  currents  produced  i  an  !« 
measured  with  a  sensitiv<-  galvanometer,  but  the  nioie  i'eeble  currents  whicli 
result  from  weaker  influences  have  to  be  meas'iivd  by  more  refined  methods, 
the  description  of  wh^ch  is  beyond  the  scop  of  the  present  work.  We 
pass  to  the  interesting  methods  by  whi>.h  gase  can  be  made  conductive 
an^i  <^h'!l!  =.il■.lu!t.^nen•,l'^H'  ron^-ider  other  phenomcn.T  clu'ieiv  cunnected 
therewith. 
45 
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VII.— RADIO-ACTIVITY. 

nonnnprPl  Ravs  -There  is  a  kind  of  radiation,  not  yet  referred  to.  ^vluch 

If.     me  Curie  were  also  cspeciallv  fruitful  ni  the  early  d.ys. 

7x806  A  .  Bc^querel  observed  that  rays  emitted  from  certain  uuuuum 
saUhuMlu  property  of  acting  upon  a  photographic  plate  '  -  ->S  ;  '  ;^; 
S  bllS  papef  sitkci^ntly  thick  to  e^lude  all  ;»';7J^^-^;,J'  J^l 
This  iction    unlike  phosphorescence,  appears  not   to   be   traceah  e        p 

r:;;'pi. « z^.  ^:^^i  ::if  inrpi.';:.'::,:; 

thougn  noi  -o  presence  in  each  case  of  strange  ami  other- 

b.en  supposed  to  be  f « J^J^^  P™,^^,.,  ^,t„allv  received  names.   Thus 
wise  unkno\%-n  elements,  some  of  vUnch  have  aciu     >  J,..lonu,m, 

i:i -J^r ^;:?;!a:!^tS  that  their  ex:stence  ,s  largely  a  matter  oi  con- 

^^^B^i^aSran  otherwise    protected  photograph,  plate  the  Bee 
querel  ravs  were  early  found  to  have  the  loUowmg  properties  .- 

(. )  Thev  can  discharge  both  +     and  -"  electrified  bodus 

(,,'.)  Thev  can  change,  under  certain  circumstances,  a  spark  dis- 

cliarge  into  a  bmsh  discharge, 
(ni)  Thev  can  excite  phosphorescence  or  fluorescence  m  reitam 
^    '^      substances  such  as  are  used  for  screens  lu  radiosc-pes  (mv 

rage  6c)5)-  .  ^-  n 

(iv.)  They  can  be  polarised,  reflected,  and  refracted  at  least  partially. 

(V  )  They  can  be  deflected  by  a  magnet. 

(vi.)  They  can  destroy  the  germinating  power  of  seeds,  and  Uiey 

act  injuriously  on  the  skin. 
(vh.)  They  discolour  rock  salt  and  convert  yelloNv  phosphorus  mto 
the  red  variety. 
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(viii.)  Tlu'ir  vtlocity  is   i.O  x  lo    cnis.  pr   si  rnml.  or  about  one- 
half  that  of  light, 
(ix.)  Kailiuin  and  actinium  can  cause  most  otlur  boilits  txpdsid 
to  their  influence  to  Ivecome  temjioravily  railio-activi'. 

From  these  complex  properties  it  was  difficult  to  make  out  what  is 
exactly  the  nature  of  the  ra\'s.  Some  of  them — e.g.  (i.)  partially  and  (iv.) 
— could  be  explained  by  supposing  them  to  be  ether  waves  of  veiy  short 
(ultra-violet)  wave-length.  Others — e.g.  (v.)  and  (viii.) — seemed  to  mgative 
this  supposition.  The  theory  that  they  consist  of  rays  of  negative  electrons 
e.xplains  most  of  the  properties,  but  is  inconsistent  with  (iv.). 

The  phenomena  underlying  the  Becquerel  radiations  have  been  found 
i.y  further  research  to  be  more  complicated  than  even  the  above  sum- 
mary would  lead  one  to  suppose,  and  at  this  stage  of  development,  with 
a  vast  amount  of  work  not  only  accomplished  but  still  proceeding,  it 
is  e.xceedingly  Qifficult  to  disentangle  conjecture  from  ascertained  fact. 
It  is,  however,  generally  agreed  that  in  the  radiations  there  are  at  least 
three  well-defined  types  of  rays  having  widely  different  properties.  These 
have  been  named  the  a-,  (i-,  and  7-  rays,  and  their  properties  may  be 
summarised  as  follows  : —  » 

a-Rays. — ^These  are  distinguishetl  by  their  very  great  ioni>ing  powers 
whilst  their  photographic  effect  is  very  feeble  ;  and  they  are  soon  absorbed 
by  conducting  screens  and  by  air,  a  few  centimetres  of  which  are  sufficient 
for  their  complete  absorption.  Their  effect  on  many  phosphorescent 
screens  is  also  very  feeble,  but  on  phosphorescent  zinc  sulphide  it  is  very 
great.  This  has  been  taken  advantage  of  by  Sir  William  Crookes  in  design- 
ing a  little  instrument,  which  he  calls  the  spinthariseope,  in  which  a  very 
minute  and  probably  unweighable  quantity  of  radium  acts  upon  a  small 
zinc  sulphide  screen,  the  effect,  when  viewed  through  a  lens.  con>istiiig  of 
momentary  flashes  or  scintillations.  As  each  flash  is  probably  due  to  the 
impact  of  a  single  a-particle,  the  instrument  may  be  said  to  render  visible 
the  action  of  a  single  atom  of  matter.  The  exceedingly  small  quantity 
of  radium  used  can  keep  up  the  scintillations  for  years,  being  an  illustra- 
tion of  the  e.xtreme  delicacy  of  radio-active  methods  of  investigation.  In 
fact,  such  methods  are  far  more  delicate  than  the  s[X'ctroscoix',  which  h;M 
always  been  regarded  as  one  of  the  most  delicate  instruments  for  the  detec- 
tion of  minute  quantities  of  impurities.  Examined  by  the  six'ctroscojx-, 
it  is  just  possible  to  detect  the  presence  of  1  part  of  radium  mixed  with 
10,000  parts  of  barium.  By  radio-active  methods,  however,  i  part  of  radium 
has  been  detected  when  mixed  with  10'  parts  of  uranium  ;  in  othet 
words,  the  radio-activj  test  was  one  tlu^usand  niilli'  :.  times  more  sensi- 
tive than  the  spectroscopic.  Into  the  details  ol  such  tests  we  have  not 
space  to  enter. 
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,08  ELBC-r^^ary  /.v  the  Service  of  Man. 

*    ^  articles    it  has  been  determined,  by 

As  regards  the  7^-;;- . //^^^  ^  ^  sP'"^^'^"^^^^^'   "^'^  ^'  "''"' 
carefully  counting  the  ^cintiUat  ons  m   ^  ^  ^^^ 

n^ethods.    that    x   ^-^f^.^t/of  its  dXtlL  path,  when  its 

;rfex^:uS It  is'PobX'that  the  a-part.cle  .  suddenly  stopped 

and  becomes  an  ordinary  atom  of  helium^  ^^        ^^^.^^. 

^-/.<,ys.-These  -  d-Uj-^^^^^^^^  ;e?lnLng  power  is  rela- 

ful  photographic  and  fluorescent  ^"^"=;  .  r,  passing  readily 

tively  verv  small.    They  have  great  l^^"f^'^^.*''''J''',_ 'etc-    but    the 

Lough  several  millimetres  of  -PJ^'  .^'^^^HiflS' «  (1.)  its 

n^casurement  of  the  "  absorption  coeffic  ent  J^  ^  j^  ^^  ,,i,,ity. 

value  is  very  much  influenced  »^>'  -^'^f;:,^^^.^  tv  a    '  scattering  "  effect 
•and  (ii.)  the  true  -^sorption  .s  interfer  d^.^^^^^^  ,,    ^„, 

which  influences  more  particles  ^"^^"^  ^'^^'^'l^^  ^^  negative  electricity. 
Mme.  Curie  eariy  s  •  ved  that  '''lJ^^:^^^^t..gl  -hen  placed  so 
for  an  insulated  metu.  plate  ^^'^^'^'"^  ";e^'^*\%  ^av!  F^^trated  a  thin 
that  the  '^  rays  fall  upon  it.  even  -"er  the  ra  s  ha^     F^^.^^^  ^^.^^  ^,^^ 

sheet  of  metal  connected  ^o^^.^f,  J^g^n  allready  discussed  with  some 
kathode  rays  of  Crookes.  ^^f  .^^^^^^^J^.^fto  those  previously  referred 
detail  K^cc  page  687).     Expenments  subsequent  ^^^  ^^^^^^^_  ^^^ 

to  have  shown  that  the  velocity  of   the  ^  part^  ^^.^^  ^  ^^^^t 

depends  on  the  circumstances  °V^"' rerfng  the  velocity  of  light, 
range,  approaching  sometime^  but  no    ^udhng.  _^  ^  ^.^^^^ 

'"^^!Ly.-rhese  are  distinguis^d  ^^^-iZ.^^^ 
extraordinary  powers  of  penetration  ^^^'^^^^^  ^  passing  through 
as  I  per  cent,  of  the  y-rays  '"e"^^'^^/"''  T^n  or  I50  cms  (neariy  5  feet) 
7  cms'^of  lead  or  19  cms.  (over  7  f  ^^^  °*  ^^^^^J^  fl^l'escent  effects,  but 
It  water.     They  produce  ^oth  photo^^^^^^^  ^^^  ^^^^^,^^  by  the 

-  ^1  Sr^  ^'^^'i:^^^^ 

^^  Su^^tiiSrS^eS  uni^po^t  as  compared  with 

the  a-  and  /3-rays.  ..>„rfip«  of  the  v-rays  is  complicated  by 

The  investigation  of  the  V^ov^rUesoi  t^^ J     >         ^^^,  ^^^e  been 

the  fact  that  they  give  nse  r,^^,;^'J^"  ^^"^^^^^ 

^"^:::^^^.^^^^  -^  ^^^  -'--^  '^-  ^' 

'•t;^;;;r^X  RSSrtr  been  already  remarked  that  the  researches 
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into  the  mechanism  of  the  various  kinds  of  Becquerel  radiations  have 
been  extensive  and  minute  and  are  far  from  In-intr  finished.  The  present 
position  \vi*h  .epard  to  the  luttiirc  of  the  constituents  stems  to  lie  that  — 

(i.)  a-particles  are  positively  charged  corpuscles,  the  corpuscles  heins; 
of  atomic  dimensions  and  consistinj,'  of  charf^ed  at-mis  of 
helium,  the  mass  of  each  atom  l>eing  6-8  x  lo""  grams, 
and  the  velocity  of  emission  about  one-tifteenth  thf  vtlo 
city  of  light, 
(ii.)  /3-/)((W(V/('s  are  negative  electrons  detached  from  matter  ni  •  ing 
at  various  velocities  sometimes  approaching  but  not  t\.  ^-ed- 
ing  the  velocity  of  light. 
(iii.)  y-particlcs  are  regarded  t-ither  as  waves  of  electro-maunetic 
character  similar  10  hght  nr  as  discrete  electricallv  neutml 
particles  consisting  of  one  negative  and  one  |)()siti\f  t  Itc- 
tron  ;  but  the  existence  of  a  p<witive  electron  h.i>  not 
hitherto  been  proved. 

Transmutation  of  the  Elements.— Frr-m  the  foregoing  it  \\\\\  ix- 

gathered  that  in  experiments  on  radio-activity  we  are  dealing  with  the 
ultimate  structure  of  atoms  and  with  changes  which  may  convert  the 
atom  of  one  element  into  the  atom  of  another ;  in  other  words,  the  pro- 
cesses experimented  upon  may  lead  to  a  transmutation  of  elements  of 
which  no  example  exists  in  the  whole  range  of  chemistry.  In  fact,  modern 
chemical  science  is  built  up  on  the  fundamental  hjj-othesis  that  the  t  ItiiKiits 
are  bodies  which  cannot  be  altered,  though  the  properties  of  compounds 
formed  from  them  may  be  infinite  in  their  variety. 

But  with  the  expulsion  of  a-  and  ^-particles  from  radio-active  substances 
fUere  is  distinct  evidence  of  the  simultaneous  production  of  new  t\  jx-s  of 
matter.  The  idea  has  been  persistently  followed  up  ith  respect  to  the 
genesis  of  an  element,  helium,  which  is  only  found  in  minerals  \\hi(  h  are 
radio-active,  and  as  the  result  of  laborious  research  it  is  now  coiiMilered 
as  proved  that  helium  (atomic  weight  =  4)  is  a  product  derived  by  radio- 
active processes  from  radium  (atomic  weight  =  226.4),  and  may  Ix;  from 
oiher  radio-active  elements.  Helium  itself  is  not  radio-active.  Its  pro- 
duction from  radium  opens  up  a  wide  lield  for  research  intf>  the  phy-iral 
constitution  of  atoms. 

No  other  transmutation  product,  consisting  of  a  well-known  i  lenient, 
has  been  as  yet  definitely  proved  to  exist,  but  some  expx>rinunters  ar  of 
opinion  that  lead  is  the  ultimate  product  of  the  disintegration  of  uranium, 
and  some  other  similar  cases  are  considered  probable. 

Energy  produced  by  Radium.— The  radio-active  changes  under- 
gone by  radium  become  still  more  remarkable  when  it  was  discovered  that 
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ice  ralonnieter.  They  ^"^^  '^^J  'J;  ^^^^.^^^  ^eat  in  one  hour  to  raise 
cver^'  hour  ;  in  other  words,  it  ^^^l^'^'^.^^'^.^;"'"  '  ,  .  f,eezin..  to  the  boil- 
^^--^7^riXt';rr;i::Sln  -d'lrul^de.  of  the 
l^frin^lner'gy  oM^atiU^vh^^^^  exceed  anything  that  .e  could  reason- 

^%'^.r  S^L  penetrating  power  of  the  radiat.on.,  ex^mnnerical 
intJ^etation  of  the  results  is  ^^l^^J^^^^-:^:^^:, 

^  '^\  n;:tn  ^^sTz:^:,  t^TZL.  uf-oti..  products. 

""T,:"  L  nUu's  fvoSn  o^energ;-  by  radium  is  also  strik.ngly  sho.^. 
bv  CO lecting  the  gases  which  are  formed  without  mterm.ssion  »"  aquoou. 
by  coliLLiing  xuc  goa  hydrogen  and  oxygen 

te  s„r  .1 '   of  "Kgy  In  relatively  large  quantity.     In   the  ea«  under 

precedmg  that  thtrc  are  ma  >  f  discovered  bv  R5ntgen.     In  vi^ 

by  radio-active  bodies  and  ^^  !  \r^>  ;f ^'-^^i^         -^,  t,  bt  most  nearly 

£ent  i^aetraS;  powerf  ac  .rding  to  their  methods  of  product.n. 
The  dt  erence  in  penetrative  power  of  X-rays  from  -hard     and     soft 
Inbe    1  a    aheady  been  commented  on,  and  there  are  similar  differences. 
Olid    ap™^^^^^  not  nearly  so  wide,  in  a-rays.     For  medical  purposes 
h^avs  which  ar;  most  easily  absorbed,  the  "  soft  '•  rays,  are  most  efficient 
but  tli  degree  of  absorption  is  being  found  to  be  very  important  in  different 
ap  1  catuS  and  the  penetrative  power  may  be  -^erred  to  0   m         1     - 
S,L  IS  the  "  quality  "  of  the  ray.    It  was  noted  on  page  693  hat  Mr  Jackson 
Tad  early   ound  that  platinum  is  one  of  the  best  materials  for  the  anode 
or  antT-ka  hode  in  an  X-ray  tube,  and  it  was  also  early  discovered  that 
^l^  an\-ray  strikes  a  metallic  surface  ^^^^^^-f^^S^ 
It  is  now  known  that  the  -quality     of  the  X-raj  at,.!  ^..-K.n,  -   - 
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surfarc  depends  ontiivlv  on  tho  luotal  struck,  and  i>  constant  for  tlu>  same 
metal.     Tluis,  iron.  >ilv,-r,  copper,  etc.,  each  ,i;ive  out  a  perfectlv  detinue 
R.mtK.  n  radiation,  and  it  may  be  noted  tliat  the  K6:.t},'en  radiation  fr^)m 
silver  has  about  the  same  penetrative  power  as  that  iiiveii  oiii  hv  radium. 
Thi*  di'^coverv  may  have  far-reaching  consequences  in  medical  applications 
Other  Phenomena.— .\nother  property  which  it  has  hitherto  In-en  found 
is  po«s..ssed  only  by  some  radio-active  bodies— namely  thorium,  radnmi.  and 
actinium— is  that  they  can  impart  radio-activity  to  surrouiuhni,'  objects. 
Thus  the  air  in  the   neighbourhood  of  a  thorium  compound   itself  emits 
«-ray5  of  a  kind  similar  to  those  emitted  by  the  thorium  compound.    Soli<l 
bodits  in  the  neighbourhood  also  Income  radkvactive  in  a  similar  \\.i\-. 
The  effect  lias  been  shown  to  be  due  to  the  emanation  of  exccssiveh  iiiii..;!.- 
quantities    of    matter    from    the    originally   radio-active  substan...     This 
f;,(5,c,(S  emanation  is  peculiarly  inert  chemically,  but  that  it  consists,  m 
the  case  of  radium,  of  real  matter  is  proved  by  its  condensation  at  very 
low  temperatures  (-  154"  C.  for  the  radium  emanation)  and  by  quantita- 
tive  exix^riments   on    its   vapour   pressure,    boiling   point,    freezing    point 
(-  ji""  C),  density,  s]Tectrum,  etc.     It  has  Wen  deduced  that  one  mon- 
atcmic  molecule  of  emanation  results  per  atom  of  radium  disintegrating. 
Actinium  and  thorium  emanations  have  also  been  experimented  upon. 

Early  in  1002  Elster  andGeitel  found  that  certain  condixctors,  especially 
aluminium  and  copper,  can  be  made  radio-active  without  being  exposed  to 
the  influence  of  any  previously  radio-active  body.  To  show  this,  raise  a 
carefully  insulated  wire,  say  about  0.02  inch  in  diameter  and  30  feet  long. 
to  a  negative  potential  of  3,000  or  4,000  volts,  and  keep  it  at  that 
potential  for  some  hours.  The  surface  then  becomes  radio-active,  and 
can  ^itfect  a  photographic  plate  or  discharge  an  electroscope.  The  activity 
persists  for  several  hours  after  the  electrification  is  withdrawn,  and  the  radio- 
active layer  can  be  rubbed  off  and  transferred  to  leather.  One  explanation 
is  that  during  the  prolonged  charging  multitudes  of  negative  electrons  are 
driven  off,  and  that  the  active  layer  left  consists  of  free  positive  ions. 

More  recent  investigations,  however,  show  that  there  is  present  in  the 
atmosphere,  probably  due  to  the  breaking  up  of  uranium  and  thorium 
atoms,  small  <iuantities  of  radium  emanation  and  thorium  emanation 
which  may  account  for  the  radio-active  condition  of  the  above  conductors. 
especially  as  the  radio-active  la\er  can  be  rubbed  off.  Such  charged  bodies 
would  attract  the  emanation,  and  in  Rome  and  in  Manchester  the  equi- 
librium quantity  of  active  deposit  on  a  negatively  charged  wire  after  long 
exposure  to  the  atmosphere  has  been  found  to  be  mainly  due  to  thorium. 

Other  consequences  of  atmospheric  and  natural  radio-activity  would  lead 
us  too  far  afieUl.  Enough  has  been  said  to  show  how  wide  and  important 
a  field  of  research  has  been  oix-ned  up  by  Bectiuerel's  original  discoveries. 
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CHAPTER   XIX 

ELECTRIC  A  L   ME  A  SUREMENTS 

The  important  part  which  the  science  of  exact  measurement  has  played 
m  the  development  of  the  applications  of  electrical  laws,  as  well  as  lu  the 
elucidation  of  those  laws,  has  already  been  briefly  emphasised  m  the  intro- 
duction i.ce  page  341)  to  Chapter  IX.,  and  in  ^^at  chapter  the  simples 
methods  of  such  measurements,  involving  the  most  obvious  adapts  0  ,  of 
fundamental  principles  and  laws,  have  been  described.  The  -hirrt  i>.u- 
tvcr  is  so  important,  and  so  liable  to  be  passed  over  m  t\u  ira 

anxiety  to  learn  as  much  as  possible  about  the  fascinating  apj..,  t 

electrical  science,  that  it  seems  desirable  to  devote  a  little  furth-  ,  .ce 
to  it  with  the  object  of  familiarising  the  reader  with  some  of  the  metro- 
loc-kl  resources  at  the  command  of  electrical  workers.  Moreover,  the 
study  of  even  a  few  forms  of  instruments  will  be  useful  m  emphasising 
the  fundamental  laws  which  affect  not  only  them,  but  also  the  more  rapidlv 
changing  developments,  some  of  which  so  quickly  become  obsolete  and 
lose  their  interest  and  importance.  Without  any  pretence  at  an  exhaustive 
treatment  of  a  very  large  subject,  the  remainder  of  the  volume  will  be 
devoted  to  the  further  consideration  of  the  methods  of  making  some  of 
the  measurements  which  are  of  most  importance  and  interest. 

I.— MEASUREMENT   OF   SMALL   CONTINUOUS   CURRENTS 

In  nianv  testing  operations,  even  those  dealing  with  engineering  prob- 
lems the  accurate  measurement  of  very  small  continuous  currents  becomes 
a  question  of  great  importance.  Such  measurements  are  usually  made  by 
i,alvanometric  methods,  the  general  principles  of  which  have  been  described 
at  paces  M',  to  347  ;  but  the  most  sensitive  instrument  there  referred  to 
-Nohili's  astatic  galvanometer-is  far  from  meeting  the  requirements  of 
modern  testing  work ;  and  therefore  now  there  will  be  described  as  promised 
some  of  the  methods  by  which  the  sensitiveness  of  this  early  mstrum.mt 
has  been  enormously  increased. 

Ootlcal  Magnification  of  Deflections— The  most  obvious  method 
of  increasing  the  sensitiveness  of  any  deflectional  instrument  is  by  the 
magnification  of  its  deflections.  The  great  majority  of  instruments  measure 
bv  means  of  the  rotation  of  a  part  of  the  instrument,  more  or  less  free  to 
move  round  some  fixed  axis,  and  the  accuracy  of  the  measurement  frequently 
depends  upon  the  exact  determination  of  the  amount  or  anglo  of  the  rotation. 
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When  the  rotating  j.arts  are  small,  an  i.hv.ous  way  of  .Inn.ni^lunp 
the  error  of  the  readnig  is  to  atta.h  a  light  pomter  m  s-m,.-  MMiviuent 
position,  and  to  allow  the  end  of  the  pomt.r  to  ni.r,  over  a  y.a.luateU 
scale.  When  the  length  of  the  r-=nt.r  has  Ken  increased  a.  much  as 
circumstances  allow,  additional  accuracy  can  be  obtained  l.y  using  a 
magnifying  glass  or  simple  inicruscoiH.  f.  observe  th.'  exact  jxtsition  ot 
the  end  of  the  pointer. 

The  accuracy  of  reading,  especially  l-r  very  small  detlectums.  i>^  h..«- 
evcr    very   mnch   increased,   without   the   inconveniences  connect-d   with 
a  long  unwieldy  material  pointer,  by  using  .1  i^am  of  light  dire,  t.u  -n  U> 
and  reflected  fiom  a   mirror  properly   Attached  to   the   lutatm^  ^ystem. 
Such  a  beam  can  be  made  many  feet  in 
length  by  well-known  iiptical  methods, 
and,    however  long,    it   has    no   mass, 
and  does  not  interfere  with  the  move- 
ments of  the  rotating  system. 

Two  methods  of  using  such  a  beam 
are  in  common  use.  In  one  a  plane 
miiror  is  employed,  and  the  image  of  a 
scale  placed  in  front  of  it  is  viewed 
in  a  telescope  at  a  distance.     In  the 

other,    the    light   from    some    suitable  ,,     ,    1  1     ,m 

source  of  illumination  is  thrown  on  to  the  nnrror  and  the  lell-  t.  .1  am 
brought  to  a  focus,  either  by  means  of  a  lens  or  by  the  mm  ■:  long 
7onclve,  on  a  suitable  scale,  the  movements  of  the  spot  of  light  up.-n  which 
enable  the  deflection  to  be  observed. 

The  fi  St  method  is  diagrammatically  depicted  in  Fig.  706.  m  whuh  ss 
represents,  m  section,  a  small  plane  mirror  attached,  say  to  a  cunn^as.  need  ^ 

N  s  If  a  ray  of  light  Q  o  falls  upon  this  mirror,  .<  will  Ix-  reflected  in  t 
direction  o  P  ;  m  ,«  is  a  scale,  say  a  metre  divided  into  rjnlhmetres  and  . 
tll'aZ  :  an  eve  looking  t.irough  F  will  see  one  of  the  divis.o,;s  at  Q  m  the 

e  tre  of  the  field  of  the  telescope.  Very  slight  rotations  of  the  mirror  .or- 
"pnd  to  considerable  distances  on  th.  scale,  and  these  ^-  -ces  Kcome 
greater  the  further  the  scale  and  telescope  are  removed  from  tl>e  mn^->r- 
'The  second  method  of  observation  is  Miown  m  connection  with  -.  qal  a- 
nometer  mirror  in  Fig  707.  The  rays  of  light  from  tlie  lamp  c.r.u<,  th  ■ .  gh 
the  slit  ,n  m,  are  thrown  by  the  lens  L  upon  the  mirror  s  of  the  .  ,.a  .u 

ntr    which  reflects  them  to  „  upon  the  sc.ue  t.    The  image  of  tlu    slo 
falls  upon  zero  on  the  scale  when  the  cods  of  the  ga  v-anomet..  are  without 
current  and  moves  to  left  or  right,  as  the  needle  is  deflected. 

A  more  modem  form  of  lamp  and  scale,  ma.ie  by  Messrs.  Nah  er  Bros, 
and  C^S  shown  in  Fig.  .08.    The  bo.x  B  contains  an  electric  glow  lamp,  to 


ic  7c«.— Tie  Mirror,  Telrscoi  p    i,  '  scale. 


y,_^  Electricity  in  the  Servicf.  of  Mas. 

which  current  is  pas.od  through  tho  terminals  x  x.   The  light  emerges  through 

the  t.,lx>  L.  which,  if  the  reflecting  n.iiror  be  plane,  contams  a  condensmg  lens. 

After  reflection  the  light  is  received  on  the  semi-transparent  cellulo.d  scale  s. 

an<l  anvone  standmg  behind  this  scale  w.U  be  able  to  see  the  ^^^^ 
•  —         out  darkenmg  the  room. 

as  is  necessary  when  the 
apparatus  shown  in  Fig. 
707  IS  used.  Horizontal 
and  vertical  adjustments 
bring  the  working  zero  t'  < 
any  convenient  position, 
and  a  massive  foot  F  gives 
stability  to  the  whole 
apparatus. 


I 


Fj^.  ;or.— Action  of  the  Lamp,  Mirror  anJ  Scale. 


Il  ni  the  use  of  any  ut  the  above  or  similar  devices  it  is  required  to 
deduce  the  actual  angle  of  deflection  o!  the  mirror,  it  must  not  be  forgotten 
that  the  reflected  beam  of  light  turns  thruigh  twice  the  angle  tluough  winch 
the  nnrror  turns.  To  prove  this,  let  s  5'  (Fig.  709)  represent  a  r-.irror.  and  o  N 
the  normal  or  perpendicular  to 
it.  F  is  the  lamp  sending  a  beam 
of  light  in  the  direction  F  o.  and 
O  i  is  the  reflected  beam,  making 
the  angle  6  o  N  =  the  ande  F  o  x. 
If  now  the  mirror  be  1  ed  into 
the  position  s,  s,',  so  hat  the 
normal  to  it  is  O  N„  mak  -ig  with 

the  incident  beam  the  angle  f  o  n„ 

the  reflected  beam  mus<-  form  an 

equal  angle  with  the  normal,  and 

must  therefore  fall  in  the  direction 

o  fc„  so  that  the  angle  6. 0  N,  =  the 

angle   F  o   N,.     The  mirror  has 

moved  through  the  angle  s  o  s„ 

wliile  the  reflected  ray  has  moved 

through  the  angle  W  O  w,.     If  we 

compaiv  the    two  angles  we  find 

that  w  0  w,  is  double  the  angle 

s  o  s,.     For  the  law  of  reflection  sho-A.j  us  that 

the  angle  F  O  N 


Fi«.  7o3.— Lamp  Staid,  -.vith' 'irj.i^pjrent  Scal« 
ari  Glow  Laniii. 


^_  (I.)  the  angle  F06  =  twice 

(ii.)  the  angle  F  o  I.  =  twice  the  angle  F  o  N,:  hence 
(iiiVi'v  subtraction,  the  angle  b  o  b,  =  tv  ..e  the  angle  N  o  N..  But  the 
.(„g!,.  between  the  two  norm-ils  equals  the  angle  between  the  two  positions 
of  the  mirror.     Hence  the  angle  b  o  b,.  or  w  o  w,  =  twice  the  angle  s  o  s.. 
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Sensitive  Galvanometers.-Hv  a  "sensitive"  gal%Mn..mcter  is  usu.illy 
m.  Milt  a  gal\Muoiiu-tor  wliuli  will  ni.'asure  accuratoly  v.-ry  small  ciirrt-iits. 
say  a  mirm-ampoiv*  or  los"*.  down  to  a  small  fraction  of  a  micro-amiK>re. 

'  The  defli'Ctioii of  a  g.ilvanoinotiT  for  a  certain  curr.-nt  d.'iHn.U  upon  the 

balancing  of  two  sets  of  forces,  under  the  influence  of  which  the  movable 

partnf  tlie  instrument  takes  up  a  definite  position.     Ti\ese  forces  n\ay  Iw 

convenientlv  ref.-rred  to  as  tlu-  d.tlecting  and  the  controlling  forces,  due 

respeaivelv  to  the  magnetic  effect  of  tli.-   current   and  to  the  system  of 

control   adopted,   whether   magnetic   or   mechanic.il.     Thus  the  deflection 

for  a  given  current,  and  therefore  the  sensitiveness  of  the  instrument,  can 

be  increasi  d  either  by  increasing  the  de-. 

fleeting  or  by  diininishing  the  controlling 

forces.     We  have  already  had  an  example     .       . 

of   both   these   metlioils   in   the  "  A  static  ^\ 

Gitkanomder."  described  on  page  34(>.   Hut 

the  methods  then  referred  to,  develop.'d 

and  combined  with  the  methods  of  optical 

magnification  just  described,  have  carried 

the  s  nsitis'eness  of  mod-.rn  galvanometers 

far  beyond  that   of   Nobili's  instrument. 

Gauss  and  Weber  were  the  first  to  use  the 

method  of  optical  magnification  in  the  gal- 

vanoscope  which  formed  the  receiver  of 

their  electro-magnetic  telegraph,  described 

at  page  390.     Galvanometers  on  the  same 

principle   constructed   by  Weber  and   by 

Wiedemann   have  been  described  in  pre- 

%nous  editions  of   this  book.    The  greatest  step  in  advance,  however,  was 

taken  bv  Lord  Kelvin,   then  Professor  Thomson,  who   in  the    -^peaking 

galvanometer:'  used  in  the  early  days  of  cable-telegraphy,  replaced  Wie.le- 

mc-nn's  heavy  steel  mirror  by  a  light,  delicately  suspended  glass  mirror. 

to  ihe  back  of  which  two  or  three  strips  of  magnetised  watch-spring  steel 

were   attached.     Later    he   applied  the  astttic  principle  used  by  Nobili. 

each  of  the  two  parts  of  the  astatic  magnet  system  l^ing  placed  at   the 

centre  of  a  ceil  as  shown  diagrammatically  in  J  ig.  7i«-     Heie  the  small 

magnets  n  s  c.id  s'   n'    are  shown  attochcd  to  a  light   mica  strip   s, 

which  is  suspended  bv  a  short  torsionless  fibre  from   .\.    The   mirror  o 

is  attached  to  the  centre  of  the  strip  and  between  the  upper  and  lower 

current  coils.    The  continuous  line  from  /  to  t'  represents  the  conducting 

wire   the  direction  of   the  current  being  indicated  by  arrow  heads.     It 

•The  prefix  '■mUro"  denotes  ■Me-miUioHth  part,  so  that  a  micto-ampere  is  a  millionth 

of  an  arrnjere. 


. .«.  709.— Doable  Angle  of  Reflect  on. 
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Fig.  710.  — Conn«etioni  of  Uppo 
and  Lower  Coili. 


should  be  noticed  that  the  upper  and  lower 
maKnets  have  their  lik.i  poles  turned  m 
oppox'te  directions  (a?  in  Fig.  31 0,  and  that 
the  current,  which  circulates  in  a  clockwise 
direction  round  the  upper  maRnet,  circulate* 
in  a  counter-clockwise  direction  round  the 
lower,  \ccordinglv,  the  magnetic  etkct  of 
the  current  tends  to  turn  both  sets  of 
magnets  in  the  same  direction,  and  a  Hcam 
of  light  directed  on  to  the  mirror  Irom  the 
front  would  be  deflected  to  the  left  when 
a   suitable  current  passes. 

\  very  sensitive  Kelvin  galvanometer 
constructed  on  the  above  principles  is  shown 
in  Fig.  711.  The  increase  of  the  deflecting 
forces  is  obtained  by  winding  many  thousands 
of  turns  on  tne  coils,  which  in  this  case 
are  four— namely,  two  (a  front  and  a  back 
coil   and  a  front 


coil)  for  the  upper  magnetic  system  and  two 
for  the  lower.  It  will  be  remembered  that 
the  magnetic  effect  of  a  coil  depends  upon 
the  "ampere-turns"  (see  page  a8l) ;  if,  there- 
fore, the  current  is  only  a  very  small  fraction 
of  an  ampere,  the  only  way  in  which  the 
magnetic  effect  can  be  increased  is  by  having 
a  large  number  of  turns,  which  necessitates 
the  use  of  very  fine  wire,  as  otherwise  the 
coils  would  become  unwieldy.  In  this  instru- 
ment    the    wire 

used  is  of  copper 

only  00014  inch 

in  diameter,  and 

is  over   16  miles 

long.  The  con- 
trolling    magnet 

M  is  mounted  on 

*he    top    of    the 

case,      which      is 

placed    over   the 

coils  when  in  use. 

This  magnet  can 

Ixj  moved  up  and 

down        vertically  f,.  7H.-S«niiti«  Re(l«tinK  C.l«noii»ter. 


Skksitivb  Gali-asomktkks. 
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I  I);.  711.  — Hirapl*  Reflettii.rf 
Oalvjnjmettr. 


until  il  .5  in  a  position  in  which  it*  tendency  to  rotato  the  upper  mn^nets 
n  s  (FiK     710)  in  one  direction  is  nearly  counterbalanced  by  us  tendency 
to  turn  the  lower  magnets  v'  «'  in    the   opposite   direction.      In   tins   way 
the  controlling   forces  may  be  reduced  considerably,  a.ul  the  ,et>s.t.vene« 
correspondingly  increased.     The  nugnet  m  can  be  rotated  by  the  tangent 
screw  s  (Fig.   71  0  so   as  to  bring  the  suspended 
needles    to   the   zero   position    when   no   current 
is  passing.     In  an  instrument  so  sensitive  as  tins 
it   is  very   important  that    the    insulation   should 
be  as  perfect  as  possible.     The  coils  are  theret-re 
mounted  on  the  long  corrugateTebonite  columns 
p   r-   and    the   terminals  tt  are  suspended  from 
the  similar  ebonite  columns  /  />.     These  terminals 
pass  through  holes  in  the  case  without  touchmg 
it,  and  the  ..ir  in  the  case  is  kept  dry  artificially 
by  placing  some  desiccating  chemical  inside.     The 
instrument  will  detect  the  presence  of  a  current 
of    one    thirty-six-thousandth    part    of    a    micro- 
ampere. 

A  much  n.ure  portable  instrument  of  this  class, 
and  one   more  convenient  for  v,rdinary  work,  is 

shown  in  Fi"    712.     Here  the  four  current  coils  ,      „    1 

are  Imbedded  in  the  two  upright  oval  ebonite  slabs  which  >rn.  the  ody 
of  the  instrument.  The  front  slab  can  be  removed  and  he  .appended 
system  exposed  for  examination  or  repair  by  unscrewing  the  nut,  .  -.^ 
if.:  On  replacing  the  slab  the  necessary  connections  between  he  back 
and  the  front  coils  are  made  by  screwing  down  .he  clanip.ng  nu    .     1    e 

terminals     are     T     T.      Ihe     controlling 
arrangements   are   a    little    more   impli- 
cated than  in  the  last  instrument.     They 
consist  of  a  small  permanent  magnet  «  s 
ti.xed     below    the    cils     and    a     pair    of 
■• -elisors"  magnets  n      above.     The  latter 
are   shown   separately   in    Fig.   7«3-      ^V 
altering    the    angle    bel.een   the    two    "scissors"    magnets    from    direct 
opposifion  {i.e.  N  over  s')  to  direct  coincidence  (n  over  n  )  a  wide  range 
can  be  obtained  in  the  value  of  the  controlling  field  set  up. 

In  the  galvanometers  above  described  the  currcnt-ca-.rying  coils  are 
fixed  and  the  magnetic  system  on  ^hich  they  act  is  movable.  Since, 
however  it  is  a  case  of  relative  motion,  it  is  obvious  that  the  coils 
might  be  '.nade  movable,  and  the  magnetic  system  fixed.  This  would 
make  it  poss-ble  to  use  a  magnetic  system  much  stronger  than  the 
magnetised  watch  .priiig-  in  the  Kdvin  Galvanometer.  On  tbe/.ther 
hand,  if  the  coils  are  to   be   movable  they  must   be  made  much    lighter. 


Fig.  713.— ScisjoTJ  Cpiitrollinj  Mienell. 
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and    there    ii    a    farther    complication    ii)   the  nccosity    H.r   passing    th« 
current    .nto    and   out    of    the    movable    coils    without    niterfenng    with 

their  freedom  of  movement. 

^1  £^^v  The  inherent  difficulties  have   been   u\er. 

tome  in  the  widely  used,  so-called  D'Arsonval 

moving-coil   galvanometers,   in    which    a    coil 

is  suspended   between   the   poles  of  a  strung 

permanent     magnet.      The    instruments    are 

named   after   M.    D'Arsonval.  a  French   elec- 

j|]  Jy    trician  who  devoted    nuch  time  and  thought 

i'L— <^x    to  their  de\*opment  ..1  improvement.    The 

iiiti,  however,  was  put    orward  much  earlier 

by   Clerk    Maxwell  in   his   classical   work    on 

"  Ele.  tricity    and     Magnetism,"    from    which 

Fig.  714    is   copieJ.      The   coil   is    suspended 

,^,  as    shown    between    the    poles,    n    s,    ot    a 

Fig.  7i4i-M..w«ii't  Sujpended  Coil     n.werful   m.iirnet,  either   a   permanent  or  an 

Galvanometer.  1  .  .  ii»u« 

electro-magnet,  but  in  practice  usuall>  tne 
former.  To  concentrate  the  field  in  the  space  occupied  by  the  wires 
of  the  CO.!  a  piece,  d,  cf  soft  iron  is  usually  fixed  rigidly  in  the 
open  fpace  inside  the  coil  and  between  the  poles  of  the  magnet  n  s. 
The  coil  is  suspended  between  the  two  stretched  metal  wires  a  and 
B,  through  which  the  current  is 
brought  into  and  led  away  from 
the  coil,  and  which  ?.lso  furnish 
a  mechanical  controlling  force  due 
to  torsion,  which  is  brought  into 
play  when  the  coil  rotates.  The 
method  shown  was  also  emplojed 
by  Lord  Kelvin  in  his  syphon  re- 
corder, which  has  been  widely  used 
in  cable  telegraphy. 

D'Arsonval  galvanometers  have 
assumed  many  shapes  under  the 
hands  of  numerous  inventors  and 
designers.  One  of  the  early  forms 
devised  by  M.  D'Arsonval  himself 
is  shown  in  Fig.  715.  In  this 
instrument    M    M    is    an    inverted 

horseshoe  pern-anent  magnet,  and  a  a  cylinder  of  soft  iron  placed 
between  its  poles,  leaving  two  narrow  gaps  in  which  the  suspended 
cml  c  c  can  swing.  A  small  mirror  ;«  for  observing  the  deflection 
is  mounted  immediately  over  the  coil,  which  is  suspended  betw-een 
the    two    stretched   wires  a  and  b.     The   lower    end  of   the  wire  b   it 


Fig.  7i5.-IJAr«onyal'i  (Manrell)  Gal»»nomet«i. 


fTAitsvy.-At    Ga:  vawmkikm. 


7«9 


■ttaclud   to  the   free   ciul    of 

a    fiat    ^prin^;,   which   i-in    I't 

set  up  hv  the    screw   \    m>  aa 

to  keep  the  wires  taut       Tlie 

terminals  /,  t  are  placetl  out- 
side the  cover  Q,  one  of  ihem 

beiiijl  electrically  c  lino. teil  to 

theuppt-r  suspen>i'>iifJthr<4iBh 
the  rod  K,  and  the  "llur  to 
the  lower  suspension  l<  throiinlJ 
the  flexible  spring  ;  the  end* 
of  the  coil  c  c  are  electrically 
connected  to  a  and  /'  respec- 
tively. When  a  current  r;  ^e» 
through    the   coil    thf  '- 

tends   to  turn  so  j«  :     ''''  .  ,        .  , 

the  field   set   tip  b    I'u        rrent    nuo    coincidence  with   the    tie   > 


y.c   --t^AvtionMathM  Movinf  coil  (litviiwiu-icr 


t    the 


,   „, the  zero   po-ition   of  the  coil  these    two  field* 

S;~n^.^c'.  ■  As  Jn  howc^r.  as  the  coil  moves  hon,  the  zero 
nl  i.ton^he  wfres  a  and  h  become  twisted,  and  a  controlling  torque 
^  L  set  up  -^ich  increase,  with  the  deflect...:,,  and  eventuallv  brings 

the  coil  to  rest.  The  deflection  increases  with  the  current .  but 
is  not  necessarily  proportional  to  it.  although  the  torMonul  •  -rces 
are  proportional   to   the   deflection.  ,       .   „ 

Fit   TK.  depicts  a  form  of  D'Arsonval  ^.alvanometer  of  a  tvpe 
devised    by     Professor     Ayrton     and     Prolessor     Mather    at    the 
Cemral   Technical  College  in    London.      In    instruments   ot    this 
type  the  poles  of   'he   permanetu  magnet  (which    is  cyl.ndnc    m 
Fie    -I'.)  are  brought  very  close  together,  and  the  soft  iron  core 
mfide   the  coil  is  <l.spensed  with.      The  co.i  ..self   fornts  a  long, 
narrow  rectangle,  wound  upon  a    netal  or  an  r.-ry  tr^ame,  and  sur- 
rounded, as  shown  W,  Fig.  7.7.  by  a  metal  tube  m  v>,eh  damping 
eddy  currents  are  set  up  whenever  the  coil  .s  r.,itu.^  in  the  tield. 
This  figure  also  shows  uetails  ot  the  clips  for  the  leauag-m  wires 
;,nd  of  the  mounting  of  the   mirror.      In    F.g.    :u.    ^^^^  ,^f   '^ 
n^ounted  in  a  cvlindric  brass  rube,  the  greater  part  of  which  has 
been  cut  awav  \  it  hangs   from  the   top    suspension,  the  bottc.n» 
connection  being  made  through  a      ht  coiled  spiral  sp""g.    Jhc 
suspension  tube  and  coil  can   be  r,  .J.ly  removed  and  replaced  by 
another  tube  and  coil,  the  latter  having  a  greater  or  less  number 
of  turns,  thus  altering  the  sensitiveness  of  the  instrument. 

Manv  other  patterns  of  moving-coil  galvanometers  are  in  use, 

,'  f  r'nrm  rivc    3  readable   deflection  with    currents   less 

.   and  sonic  ol  mem  g!>e    ^  '^"" 

than  a  thousandth  of  a  micro-ampere. 


Mm.r 
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As  an  example  of  ihc  pivoted  and  portable  type  of  moyin?  coil 
galvanometer,  to  which  we  shall  have  to  refer  .nore  fully  later  on. 
*  Fig.    718   shows  a  pat- 

tern designed  by  Mr.  R. 
W.  Paul.    In  this  modi- 
fication   „i.    attempt    is 
made    to   minimise    the 
disadvantage  of  all  pivot- 
ed  instruments,  namely, 
the  friction  on  the  pivots, 
by  using  only  one  pivot, 
which   is  placed  at   the 
centre  of  the   soft   iron 
armature  (a,     Fig.  715) 
The   arrunsjement   is 
shown   more    clearly   in 
Fig>.  719   and   720,  the 
first  of  which  is  a  median 
vertical  section,  and  the 
("econd  a  perspective  view 
of  the  working  part,  with 
half    of    the     armature 
(Fig.      71Q)     removed. 
Tills    armature    is   spherical    instead   of    being    cylindric,   and    consists  of 
two  hemispheres   bolted  together   by   a    pin.      A    vertical   hole   is   bored 
half    way    through 


Fif^.  718.— Paui'*  MovinK<oiI  Calvanomctcr  with  Sinf 'e  Pivol. 


the  sphere,  and  the 
pivot  to  carry  the 
jewelled  bearing  is 
placed  at  the  bottom 
of  this  hole  on  the 
pin.  The  coil  (Fig. 
720)  is  circular  instead 
of  being  rectangular, 
and  is  attached  to  the 
vertical  spindle.  The 
pointer  (Fig.  719)  is 
attached  to  the  coil 
af    the    top.   and    is  ■  .•    .  • 

balanced  by  the  usual  counter  weight.  The  control  is  by  a  cyhndric 
spiral  spring,  which  can  be  se.;n  in  Figs.  7i3  and  720,  and  the  current  is 
passed  into  the  coil  from  tlie  terminal  T,  through  this  spring.  The  con- 
nection of  the  coil  to  the  terminal  T.  is  through  a  flexible  strip  at  the 
lower   end.     It    will   be   noticed  Uiat   the   mounting   of   the  coil   is   such 


Fi(   71J.— Section  of  Piul'i  Moving<oil  Galvmomcter. 
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Fig.  7'-\-  Circular  coil  ami  olhpr  i!p:iiiN  of 
big.   -:■ 


tlinl   the  insiriimiiil  can  be   lilted  MHiitwh.it  ••  itiioiit   iiitci  Iniiin  with  tlic 
icadiiijjs.      Dining    tr.in>it    the    movable  system   i^   hluil    nlT    its   pJM't    bv 
the  >|'riii>;  Y,  which  is  r.iiscil  bv  lower- 
ing  the  })kmger  n,  thus   allowing   the 
level    arm    \v   to   be    ])re>>eil  liowii  by 
a    spriiij;,    v.      The    air -gaps   between 
the  poles  of  the  permanent  magnet  n 
and  the  sphere  k  are  narri>\v,  and  earry 
a  strong  and  uniform  field  within  ths 
limits  of  the  deflection  of  the  coil,  w  hich 
is  35"  on  either  side  of  the  central  zero. 
The   deflections   are    therefore  propor- 
tional to  the  currents,  and  with  a  coil 
having  a  resistance  of  about  200  ohms, 
one  micro-ampere  gives  a  deflection  ot 
one   t'ligree.      The   instrument  is  thus 
quite  sufficiently    sensitive   for   a    large 
range  of   tests,   and   is,   like   all   these 
moving  coil  permanent  magnet  instrument...  very  little  aflected  by  ordinary 
external  magnetic  fields. 

Dead-Beat    Galvanometers.— K"r    r;pid    woikin^.    whetiur    with 

sensitive  or  t>ther  galvanometers,  it  is  a  gu  .it  .i.lvan- 

tage  to  have  .'  ihiulhr.it  instrument,  in  other  words, 

an    instrument    the    movable   parts   of  which    will 

quickly   come   to   rest    when    a   current    is   passed 

through  or  suppressed,  instead  of  oscillating   about 

the  position  of  re.->t  for  a  longer  or  -noiter  period. 

In  many  sensitive   galvanometer-,    therefore,  some 

kind   of   fluid  or   magnetic    fricti<n    is    introduced, 

which    more   or    less   (luickly    brings    the    moving 

part  to  rest  without  influencing  the  final  reading. 

Lord  Kelvin  in  his  early  galvanometers  eiicloseil  liie 

su-ptnded    mirror    and    magnets    in    a    "  dead-be.it 

cluimber,"  that  is,  in  a  closed  space  111  whicli  they 

had  barely  room  to  move  with  very  little  clear.uue. 

The  Iriction  of  the  disc  of  the  mirror   again-i    the 

confined    air    in  the  chamber  quickly  l<i.u;;lit    the 

former  to  re-1  without  .itTci  ling  it-  final  poMtioii      .\ 

needle  01  other  device  who-e  motions  .ii.-  ii -trained 

in  this  way  is  techiiii.iHv  saiil  to  !>!■  •'  climiud." 


I.l,|iui[    llaiiU'MiS. 


Aiiotlui    nulhod  of  "damping''  u- 


•qui 


d  friiiioii  a-     li. rvsii  diagram- 


iiiatically    in    Fig.   721 


axi.s  oi    the  >iisp 


ulcil 


prolonged 


by  a  stifT  wire  ,?,   which,  at   its   lower   end,   carries  a    thiii    jil  it.'   />,  iHU.illv 
of  platinum,  dipping  into  a  mscous  liquid.    ii.  h  as  glyceime  or  nonvolatile 
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oil  CO.  .ined  in  a  vessel  v  v  attached  to  the  frame  of  the  instru.nent 
When  r  suspended  system  rotates  p  moves  in  the  vscous  hqu,d,  and 
so  the  oscillations  are  "  damped  "  and  soon  die  away. 
"  A  s^m  more  interesting  principle  is  that  of  -f-'-  ''^'^^'^^.T 
m...hod  of  carrvine  out  which  is  shown  m  F.g.  'zz.  I  he  magna  m, 
Th  ch  is  hHu  pfnded  magnet  of  a  galvanometer,  hangs  in  a  hole  n. 
The  centre  of  a  mass  K  of  solid  copper.  The  magnet  .s  for  ca,>ven.ence 
what Ts  known  as  a  "bell"  magnet,  the  shape  of  wh.ch   w.il   be   unde  - 

.  \  from  The  elevation  and  section  shown  on  a  somewhat  larger  scale 
Tthe  sTe  s  reprelts  the  reflecting  mirror  which  is  rigidly  attached 
to  L      When  the   magnet  m   rotates  inside   the  copper   mass   k   currents 

are  set  up  in  the  copper  according  to  the  laws  of  magneto-electr.c  niduc- 

on    which    hav^    beVn    fully    explained.    The  magnetic  effect  of  these 

currenTs  s  such  as  to  tend  to  stop  the  motion  of  the  magnet  wh.ch  produces 
currents  is  sucn  as  ^^^^^  ^^^  ^^^  ^^^^^^  .^  ^^^.^j^  ^^^^^^^  ^^  ^^^^ 

A   movii.g    coil    or    D'Arsonval   galvanometer 
is  similarly  damped   by  magnetic  friction  if  the 
coil  be   at  the  moment   part   of  a  closed   circu.t, 
as,  for  instance,  when  it  is  shunted  or  when  it  .s 
short   circuited.      The   movement   of  the   coil    m 
the  strong  magnetic  field  se's  up  k.  m.  f.'s  in  the 
coil,  which,  under  the  conditions  named,  give  rise 
to  corresponding    currents   whose   magnetic  effect 
tends  to   stop   the   motion.      These   currents   are 
superposed  on  any  other  currents  in  the  coil,  and 
die  away  when  the  motion  ceases  ;  they  therefore 
have  no  influence  upon  the  magnitude  of  the  final  deflection.     It  is  this 
dead-beat   action   which   constitutes   one   of   the   chief  advantages  of  the 
movinc-coil  type  of  galvanometer.     The  dead-beat  action   is  increased  by 
winding  the  moving-coil  on  a  copper  or  conducting  frame  in  wh.ch  currents 

can  also  be  induced. 

Ballistic  Galvanometers.-Before   leaving   the    subject    of    sensitive 
Kalv^ometers  a  little  space  may  be  devoted  to  the  "ballistic    galvanometers, 
those  function,  as  already  explained  {see  page  ?44).  ^  to  measure  quantities 
of    .leclricity    rather    than    steady    currents,      buch    galvanometers    differ 
fundamentally   from   "  dead-beat "    galvanometers,   inasmuch   as  everythi.ig 
which   mav   retard  the  motion  of  the  suspended   sy>te.n   is  eliminated   as 
far  as   possible.     This  is   necessary,   because   the   quantity   to  be  observed 
is  not  a  steady  deflection,   but   the   magnitude  of  the  first  swing   of  the 
suspended  system  due  to  an  impulse  given  to  it  whilst  at  rest.     Anything, 
therefore  which  tends  to  retard  the  movement  o.  the  needle  will  dnninish 
the    magnitude  of  the   first    saving,   and   thus   lead   to   an    un.ler-.-stimate 
of  the  impulse  and  its  ,    rsical  cause-namely,  the  quantily  ot  electnc.ty 
discharged  through  the  galvanometer. 


MiBirt't  Damping. 
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A  galvanumutfr  specially  dcMgnca  '<>  lull.1  tlusc  eondilu.ns  is  slu.wn 
in  Fig.  723.  There  are  two  coils  only,  liinncl  ti.gctlicr  so  lh.it  the  front  one 
may  be  turned  to  one  side  as  shown  to  enable  the  suspended  niagiictb  to  be 
got  at.  These  coils  are  in  ebonite  bo.xcs,  and  all  solid  piecci  "^  metal  ni 
which  damping  currents  might  be  sc-t  up  are  dispense.l  with  as  much 
as  possible.  The  suspended  magnets  are  all  of  the  bell  type,  alreadv 
described  (Fig.  722),  because  this  type  i-ives  rise  on  rotat...n  to  very  little 
air  friction.  There  are  four  such  magnets  ;  the  two  in  the  centre  with 
similar  poles  facing  one  another,  and  one  at  the  top  and  the  other  at 
the  bottom  of  the  coil,  with  their  poles  in  the  reverse  direction  to  iliose 
of  the  centre  magnets,  thus  'orming  au  istatic  system.     All  four  magnets 


I'ig.  7JJ.  -Nalder't  Ballittic  Cal«nomHet. 

are  carried  on  a  stiflT  wire,  which  also  carries,  just  above  the  top  magnet, 
a  mirror,  which  is  made  as  small  as  possible  so  that  its  rotation  may 
not  damp  the  motion.  The  suspending  fibre  is  short,  an.l  the  controlling 
magnet  m  is  placed  behind  the  instrument  and  on  a  level  with  the 
centre  of  the  astatic  magnets.  Great  care  is  taken  to  insulate  the 
coils  and  the  terminals,  for  in  "  ballistic "  working  the  risk  of  leakage 
is  great,  owin?;  to  the  electric  pressures  being  impulsive  and  nioincntinly 
high. 

ballistic  H'or^i'ng.— When  using  such  a  galvanometer,  it  can  lie  shown 
mathematically  that  when  certain  conditions  are  fulfilled  the  sine  of  half 
the  angle  of  the  first  swing  of  the  needle  from  rest  is  proportional  to  the 
quantity  of  electricity  discharged  through  the  instrument.  In  other 
words,  that — 

Q  =  A  bin. 
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'    '™'r'..'l'' I  »y«'™  l»»  n,.,,r<.ri„l.ly  moved  from  ,1s  «ro  pos.l.on  ; 

and 
(iii  )  That  tli.if  sliall  1)C  no  (lamping. 
The  (ulfilnu  n.  ol  the  first  cond.tion  (i.)  is  usually  a  matter  of  man.pu- 
1  hL  .kl  In  onsurinK  the  quiescence  of  the  needle  or  suspended  syMen 
lative  skdl  .n  •'"^"""^  ^^^.^^  ^^^^  ^.^^  occup.e.l 

l"'T^'T''ur:si  U  t  very  hri      indeed  when  compared  with   the 
?  •  ;r  f  swmcr      To  f  Jft    this  condition  the  sus,..nded  system,  as 

tree  ,K-r.od  '    ;^;"/; J^j'J.^.j  ,„  sensitive  galvanometers  for  steady 
compared  ^^'^l'  ^'l^^.  >f  "^^j  ^\,,„.e  ,«  that  its  inertia  may  lengthen  the 

'''*'""  ■*     V       i         h^onTfe  red  to  m  the  above  description  of  Nalder's 

;:S;;;"    ::  no:Sc^  ^^    ;.-- '  it  is  im,..ss.ble  to  construct  a  gal- 

.  u^^  t';  witHllutely  .o  damping,  a  correction  in  very  exact  working 

xanomu.rw.ui  ^  ,    ^  j^  j-nown  mathematically  as  the 

"T.:;,;;nif  t,:tr^'  ;..e  r.a-,,  c  wh,* ..  ^yo„., ,..  «opc  o, 

(undamental  equation  of  th.   condenser  we  have- 
where  0  IS  tnc  quantity,  k  thAa'j.acity,  and  v  the  voltage  between  the 
nlates  •    or  in  words —  _       . 

'Quantity    in    mlcro-COUlombs  =  .apacity    in    micPO-farads    X 
pressure  in  VOlts.  „,u.,  ;„ 

If  the  deflection  produced  by  the  discharge  of  a  known  quant  t>    n 

;::;;:r,';:;;';i'i";?M:;.r.iona,  u,  „„  j«ec,io„  .,om  .h. «» ,«».,„„, 

and  that  ll;c  atx)ve  conditions  are  fulhlled- 


SNt^S'Titfc   Ca  I  r.-j  so.»i'  Trits 


725 


Shunting'    Galvanometers. — The    circumstances   under    which    it    Ih 
comes  necessary  li>  use   a    s/triiii  on    a    >;alvannmeti.T,  ami    flie    ckiii>ntaiv 
principles  underlying  the   use  ot  shunts,  have  alrcaily  heen  cx|)l.iiiicil  i\if 
(lage    3f;2).     The   necessity   arises   more    Ire- 
quently  when  using  sensitive  galvanometers 
than    with    the    less    sensitive    instruments, 
though  the  method  is  applicable  to  any  gal- 
vanometer.     For    the    former,    however,    it 
is    customary  to  wind  special  coils  and  place 
them   in  resistance  boxes,  which  (except    a^ 
mentioned  below)  should  always  accompany 
the  galvanometer  for  which  they  are  wound. 
The    re;'.son    ior  ihis  is  that  the  effect  ol   a 
shunt    of    a    certain    resistance    depends     )n 
the  resistance  ot  the  galvanometer  with 
which  it  is  used.     For  we  have  shown 
(page  352)  that  if  the  resistance   ol  a 

shunt  he  (  '  th  Jof  the  resistance  of  the 

galvanometer,  tiio  total  current  in  the 
main  circuit  is  [h  +  1)  timrs  the  current 
measured  by  the  galvanometer.  Thi^ 
number  («  +  I)  is  known  as  the  mii/- 
liphing  power  of  the  slmut. 

Shunt      Boxes.— In    constructing 
such    resistance    boxes    the    tact    that 
the   resistance   of    metals    varies    with 
the    tempc-ature,    and    that    difTercnt 
metals   have  different  temperature   co- 
etlicienis     nmst    always    be    borne    in 
mind.      .X    little    retl.ction    will    show 
that  this  renders  it  necessary  that  the, 
wire  Used  ni  the  shunt  box  should  be  "», 
of  the  same  material  as  the  wire  with 
which    the    galvanometer     is    wound. 
Otheiwise    the   multiplying    power   ot 
the  shunt  will  depend   upon   the    tern 
perature   at    which    the    ^;,ll\anometer 
.nul    shunt    box    .ire    at    the    moment 
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tliey.iie  l>..th  at  tin    same  temperature. 
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of    measurement,     assuming    that 

In   other   words,  the   ruli'i    I       I 

\n  .1 

ch.inge    with     the     temperature. 


ot    the    resistances    ot    the    two    wouM 

since  these  resistances  would  vary  at  dilTeteiit  rates   if    the  materials  were 

different. 
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U   is  convenient   to   arrange    the   connections   of  a   shunt   box  some- 
wha     differently   fron,   those    o.    an   ord.nary   ^^^^^'\^^%,J'^-  'J 

U^j^^'i:  pan  ^^-^-^.^^^:j:^:;:rz:^^.^ 

and    through   the   "«»;',  ^^.TV  and  \he  V'gre^  ^^^      ^ 

a,  the    C0.1   ..  to    *.   the^^  Week    c    _^   ^^^   ^.^P^^^^^   ^^^.^     ^.^^^  ^ 

one  shunt    is    wanted   at    a    time  only  one    plug 
is  supplied.    The  shunt  coils  s.,  etc.,  are  usually 
so  wound   that    the    multiplying  power   is  some 
power  of   ID,  say,  in  the  box  illustrated,  lo,  lOO 
rooo,  10,000.     If  the  plug  be  inserted  ^n  the  hole 
I  the  current  passes  without   going  througn  the 
Ralvanometer    at   all.   and   the    latter   is    sa.d    to 
be   short-circuited.      In    usinfe    sensitive  galvano- 
meters the  plug  should  always  be  left  in  /  when 
the   galvanometer   is  not  in  use,  thus  protecting 
the    galvanometer  from  the   effects  of   any   stray 
current    which   may  be   passing   along   the   wires 
m     m.      The  external   appearance   of  a   box   similar   to  the   diagram   of 

'■^kwe^althiit^Bo'i'eS.-The  condition  that  each  galvanometer  has 

,^^^TTZrTL...   wound   specially    .or   u    is   both   -penswe  -d 

r, ..;-..       It    his  been  ingeniously  met   by   Professor    A\rton 

tr^ZJ^"^^  ^^  :::a.led^-un  Jsal"  shunt.    To  imderstand 

ieir    method    we    must    revert    to   ^^-^^^^  J'^^J' ^  t. 
s    be    the    resistances  of  galvanometer   and    shunt   respect.s ely.  ana 

lattef  be    -th  of  the  former,  we  have 
or 
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whence  the  multiplying  power 


«+  I  = 


/?•  +  » 
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The  univcrs.,!  shu.U  box  is  s->  .Icsigne.l  that  the  nu.ncr.tor  ..f  thi. 
fraction  (c  +  ^)  i^^  kept  cnnUant,  in  which  ca.e  the  niult.plyn.g  power 
will  frfrv  nurw/v  <«  the  denominator  J. 

The'necessarv'  connections  are  shown  diagranunatically  m  Hg.  7". 
in  which,  as  far  as  possible,  the  same  reference  letters  have  been  used 
as  in  FiR.  724.  the  main  current  coming  along  the  main  m.  and  being 
led  ofT  bv  the  main  ,«..  If  now  the  plug  be  inserted  in  hole  No.  3.  the 
incoming  current  divides  at  o.  and  the  galvanometer  sect.on  passes 
through  the  galvanometer  o  to  ...  and  then  through  the  cods  s.  and  .,, 
the    hunt  section  parses  through  the  co'ls  s..  and  s,  and  the  two  sccl.uns 
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re-unite  at  the  plug  in  No.  3  an.l  pass  together  to  the  exit  ternunal 
M  The  rcsistaiKc  of  the  galvanometer  branch  is  therefore  Or  +  ^  +  *.) 
and  ihat  ol  l>.e  shunt  branch  is  fv,.  +  J,),  hence  the  multiplying  pow<-  is 

/f  +  *«  +  J«  4-  Jr  +  ^d 

A  moment's  inspection  of  the  figure  will  show  that  in  whichever  hole 
the  Pluc  be  placd  ihe  numerator  of  this  fraction  is  not  changed,  and 
the  deiiomiii'lor  consists  of  the  coils  on  the  left-hand  side  of  the  plug. 
The  multiplying  power  is  least-that  is,  the  arrangement  is  most  sensitive- 
when  the  plug  is  in  hole  No.  1,  but  the  galvanometer  is  shuntea  even 
then  though  the  resistance  of  the  .hunt  may  be  so  large  that  the  sensitive- 
ness ot  the  galvanometer  is  not  much  diminished  thereby.     1  he  multiplying 


r.i.F.crniciTV  IS  iim  SfKncf-  ■'/■  M-*^' 


jKiwcr    VA    this 
ijf  till-   coils  .5j. 


lliiivrr«al  Sli'ini  Bo».  iia!  pallern. 


1       .  ,1    h»-    iinitv    the   relative  resistance* 

A„  s„  ami  s,  intcgr.il     nuiltiplyin^     powers 

when  the  plug  is  in  either  of 
the    holes    2,    3,  or   4  ;    when 
the  plug  is  in    the  hole  f  the 
Ualvanonieter  is  practically  out 
,.t  circuit,  and  this,  therefore,  is, 
as  before,  the  position  in  which 
the   ilug   should  be  lett  when 
the  galvanometer  is  not  in  use. 
A  form  of    this   shunt  box 
of  the   dial   pattern  with  slid- 
ing   contacts,     .is     made     by 
Mr.  H.  W.  Paul,  ol   London,  is 
shown  in  Fig.   727-     '1''^'  '•"<^"' 
tact  blocks  are  inside  the  1k>x, 
but   the   pointer   on    the    dial 
indicates  the   position   .f    the 
sliding  contact.     The  numbers 
are  the  multiplving  powers  of  the  various  shunts,  and  there  is  a  ,..siti.m, 
marked  "Shorl,'  in  which  the  galvanoinclcr  is  >hort-c,rcuited,  and  another, 
marked    "  Ofl,"    in     whxii    all 
through  connections  are  broken. 
A  di.igrain    of    the   connection- 
specifying    the   values    in    ohnis 
ol    the   various  toils   lor  a  total 
resistance    of    10,000    ohms    i> 
given    in    Fig.    72S.    which    is 
worth  careful  study  ;   G,   ci,    irc 
the  galvanometer  tenuuuil-  .ui.l 
T,  T,  the  circuit   termiii.ils. 

Dne  other  point  (  nlv  need 
be  mentioned  here  regarding 
the  sluiiitiug  ol  galvanoiiiL-lers. 
When  a  galvanometer  is  shuntc<l 
in  the  ordiri   rj  a  new  path 

is     provided     lor     tlie     carreiil 
between   ifi  ternmah.  a;vl    tl... 
re.    •.  ..v.-     between    the  e     ter- 
1:    M  's   i',  thcfifcre,    diminishes: 
as 


'"^Ul    L0»0°' 


Fig.   TJS.    ■Cnnectionsund  Resistinc.s  (total  rMlslanc* 
to,ooo  ohms). 


in    •  ct    this  resistance  varies    inversely 


becoiiu- 
v.iUk,'    ' 


•he 


,.,,•,11        riiis    ch.n^H-    may,   and    usually   will,    affect    Uic 
a,n    cun.i.i    aniens    .■    compensating    resistance    is   mtrc^ 
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ducL-a  into  the  m.iin  dicuit.  Shunt  boxc.  ...n  b.-  ir.anncd  to  do  tin* 
:„vl  tlius  V.ecp  the  current  on.t.u.t.  -nuv  au-  kno.vn  .»  ,  ,>«v/,;«/-.  «»r<«/ 
shunt  boxes  but  a  dcsuiption  ul  thtn,  would  Ic.ul  us  farther  than  the 
ipace  available  allows. 

U.-   STANI'AKII    (TKRVNT     MKASl'KIKS. 

Standard   Galvanometers.— ri>c=c  iui>  U  duidd  into 

(i.),     lho>c     gaUaui  riiclcr>     in 
which    the    magnitude   o!    the 
current,    which     wdl     )(\\c     a 
certain  dcllcction,  can    be  cal- 
culated    when     the     detail    <'f 
the    construction    oi    the    in- 
strument    arc     kni'wn  ;     and 
(ii.)  those   in    which,  although 
this     calculation      cannot      be 
made,  a  -erlain  current  always 
gives  the  sainj  niilication  ;    ni 
«»ther    words,    tho.-<e     Ralvano- 
meters   in  which  the   nieanlnj; 
of    the    deHeitii.ns    does    not 
change  Irom  time  to  time. 

None  of  the  naivano- 
nietcrs  described  so  far  tultil 
either  of  the>e  conditions. 
As  re<;ards  the  first  condi- 
tion, modern  matbeni.itics  has 
not  yet  solved  the  problem  ol 
cakulalinK  'be  current  from 
the  detads  of  construction  oi 
these  instrume!its  and  tin 
observed  detlection  ;  and  the 
second  condition  is  not  rigor 
ously  liiltilled  by  any  of  them. 

the  magnitude  ot  the  m.ig- 
netic  etTect  of  a  current  at  any  ,       ,    ,  ,     . 

point  in  its  neighbcurhood  depends  directly  on  the  length  of  the  co.xluctor 
carrying  the  current,  and  .^  inverely  a,  the  square  of  the  d.tance 
of  the  conductor  fro>n  the  point  con^dcred.  If  tins  dutaiKe  be  small 
then  an  error  in  measuring  .t  will  have  a  gre..l  effect  upon  he 
correctness  of  the  result.  Theref  .re,  in  all  in.trmnents  '"  ;v Inch  he 
magintude  of  the  current  is  to  be  calcuL.ted  from  the  observed  detlection 
and  the  details  of  construction,  the  dimensions  of  the  current  carrymg 
coil    nu.st    be  large.      This   rule  i,  observed   in  the   luu^-"'  >;.>lrammftfr. 


-..,,  -Th«  T.inEfiu  r,«l.»n.!rr.-I»r 
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»l.owu    in    F.g.    iz%      The    copper    rins    r.   terminating  in   the   binding 
«:rew.    k,   k„   is    placed    on   a     wooden    frame,    as   ^'^P'"*"^';';;    '"    f ! 
figure.      On    the    metal    pillar,  insulated    from    the    ring,  »  the    box  * 
and    the    magnetic    needle,   which   is    suspended   by   "^"^^'/'f  jj/;^"^" 
thread   in   the   tube  /.       The  box   *   has  a  graduated   circle-    the  centre 
of  which  coincides  with  the  centre  of  the  ...pper  ring.     The  graduation 
of  the  scale   is  so  arranged    :hat   the    zero    point   lies    in   the    ^lane    ol 
the  ring*     Before  using  the  instrument,  then,  we  must  adjust  't  i  that  «». 
we    must    turn    the.  ring   until   the   needle    pomu  to  zero.     Whenj^ 
connect   the   wires  of    the   source   of  electricity   with   K.   K..  ^Y"""''^' 
will   flow   rou...l   the  copper  ring,  and   cause   the  needle  to   be  deflected 
The  earth's  magnetism  tends  to  bring  the  needle  back  again  to  Us  former 
portion   of  rest,   but  after  a  few   oscillations   the   needle  at   last  remams 
Snary   at    the  position    in   which   the  effects  of    the  current   and   of 
;  earth's  magnetUm  balance  each  other.     The  deflection  of  the  needle 
will   be   the   greater  the  greater  the  current,  and  for  equal  current     the 
nidl«   will   show    the   same  deflection.      When   the    needle   is  small,   so 
"hat  tt  ml.  within   a  space   throughout  which  the  "  field  "  due  to  the 
cui  ent  may  be  considered  uniform,  the  strength  of  the  current  is  daectly 
prponional    to    that    function    of    the    angle    of    deflection    -Ikd    the 
Ungent.      When   we   know   the   angle,   a  book   ot    tngonometri  al    t.  bles 
has    to    be    consulted    vo    f,nd    the    tangent.      Currents    proportional    to 
th      numbers    .,    .,   3,   etc.,   produce    deflections   whose    '"-f^^^^;^ 
the  numbers    I,   2,   3,   etc.     If  C  be  the   strength  of  current     "amperes 
r  the    radius   of    the   ring,   H    the   horizontal    .  >.nponcnt  of  the    earths 
magnetic   force,  and   i  the  angle   of  deviation,   then 

c  =  -—   H  tan  I 

2   T 

or  c:  =  a  tan  2 
where  a   is   a    cutant    depending    on    the    si/c    of    the    ring    and    the 
earth's   magnetic   force,   and  having   the   value 

2  X 

If    instead    of   a    single    band   of    copper,    as    shown    in    Fig.    7*^,    ^ 
,J'J  L:rA   tu.us   of    about    the  same    radius   be    used,   the  value   of 

a   becomes — 

10;   H 


a  = 


a  = 


2ir  n 


.  In   n,.ny   instrument,  the  needle   i.   a   small,   lozenge-shaped    piece   of^  ..«1.   and    to 
i.  not  the    nee.Ue  hut   the   |K.inter   that    indicates   the  deHect.o... 


ThM     TaKGBST     GALVASOMKTfK. 


7J« 


where  n  is  the  number  of  turn*  and  r  i»  the  •,/««  radius.  The 
corant  .o  i  sintroduccU  into  the  numcrat.-rs  of  the  above  equatuH.. 
Sr  if  it  were  omitted  the  value  of  the  current  would  be  g.ven 
iTab^lute    electro-magnet-c    unit,    of    currct.    each    one  of    wh.ch    .. 

"'"Th:^nagneTo^c::^  box,  shown   in    Fig.    7«.    for  measuring  the  field 
«.t   up   bv   the  current,  can   be  replaced   by   one   m   wh.ch  ^^^^ 
taken  of  the  methods  of  optical    magn.hcat.on    described     .bove.      buch 
an  instrument  is  shown    in  Fig.  7?o, 
which    represents    a    more     modern 
form   of   standard    tangent    galvano- 
meter.     The  box  m  contains  a  sus- 
pended  mirror,   with    little    magnets 
made    of  fine   watch-spring    steel  at- 
tached to   the    back  ;   the  deflection  « I 
of    the    mirror    is    observed    in    one 
of  the  usual  ways  already  described. 
In    this    particular   instrument   there 
M-  two  current  circuits.    One  consists 
ol   a   single    band,  r  r,  of  copper,  as 
in    Fig.    7x9;  the  ends  of  this  band 
are  brought  to  the  terminal  screws  b. 
The  other  consists  of  numerous  turns 
of  tintr  wire    wound  in  a  groove  in 
the    larger   ring   R  K,  tne  ends  bang 
brought  to  the  binding  screws  a.    The 
turns  of  wire  in  this  ring  have  a  mean 
radius  of  25  centimetres. 

In    both    instruments    there    are 
levelling   screwu  to  bring   the   plane 

i'';L:"s»'':-f:;  ^. .-  -u,  „„„. .  «„.„  ..u  >.. 

" r-LTu    cai  t^Sd'Ji'   „    once  in    un„.  «,    ■.,.    n„,„b„. 
marked  on  the   scale.  ^^^  determine 

*^rr.«„d„d  in.„u„.en,   U  U  n.e.„,y  ..   --^     -^'.h: 


Fig.  7J,.  -StandsrU  TanfCM  li«l»»n<»n«T. 
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rapidly  ninde.  It  is,  therefore,  only  made  when  the  iinportaice  of  jhe 
Tperiment  warrants  this  expenditure  of  tin.e  and  labour.  ^'--7--"  Jj 
the  tiPuent  galvapometer  is  used  for  general  lab.-ratory  worU  as  an 
;'L,;;"«.  a...,  /.«..  for  if  the  contro,.in«  f.e.d  h  he  kept  cops  ant 
the  equations  given  above  show  that  the  current  .s  proportional  to  tan  0, 
and  the  value  of  the  constant  a  can  be  found  by  expernnent. 

The  electro-dynamometer,  as  originally  construcud  by  \\ebe,  .» 
another  standard  Instrument,  from  the  indicat.ops  ot  winch  he  vaK,e 
of  the  current  passing  through  the  eoils  can  be  calculated  In  this  to  n,. 
however  is  seldom  used,  but  as  modified  by  Siemens  (sec  l-.g.  7;=)  .t  has 
gllcu   r.;e  io   a    wTlely    used   type  of  standard    instrument  ot   the    second 

kind  mentioned  above,  namely, 
that  in  which,  when  the  value 
of  the  current,  whicli  will  give 
a  certain  reading,  has  been  once 
accurately  determined,  the  value 
of  the  current  giving  any  sub- 
sequent reading  is  known,  such 
value  not  beii.g  liable  to  change 
if  reasonable  care  be  taken  of 
the  instrument. 

Weber's  instrument  consisteil 
In  its  essential  parts  of  two  wire 
coils,  of  which  one  was  fixed  and 
the  other  hung  from  two  con- 
ducting wires  very  near  together 
so  as  to  furnish  a  directing  couple. 
The  latter  coil  carried  a  small 
mirror,  and  for  the  exact  deter- 
mination of  the  deviation  of  the  movable  coils  readings  were  taken 
by  reflection.  The  two  wire  coils  tend,  when  currents  flow  through 
them,  to  place  themselves  parallel  to  each  other,  in  the  position  in 
which  the  two  magnetic  fields  would  reinforce  one  another.  This 
construction  of  a  measuring  instrument  has  two  advantages,  which 
are  especially  of  importance  in  practice.  First,  when  one  and  the 
same  current  flows  through  both  coils  they  e'-erience  a  deflecting 
couple  proportional  to  the  square  of  the  current.  Secondly,  when  through 
the  two  coils  a  current  of  detinite  strength  and  direction  flows,  the 
movable  coil  will  turn  through  a  definite  angle,  fl,  and  assume  a 
distinct  position.  If  now  the  current  flowing  through  the  two  coils 
be  reversed,  the  movable  coil  will  retain  its  deviation,  the  latter  bemg 
only  a  function  of  the  strength  of  the  current,  but  not  of  its  direction, 
since  the  fields  of  both  coils  will  be  reversed  simultaneously.  In 
practice  loi   ihc  measurement  of  currents  which  are  continu.iliy  reversing 
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tho  ,.l.(tH.  .IvMUiinni.t.-r  is  a  ni.ist  iisilnl  iiistnim.nl.  Tli.,v  air  two 
,lii..ntilus  ..ii,  -  to  oiu>  ;ui..tli.i  vvli.ii  llie  coil  h...  toim.l  lli.-  poMtion  of 
n-,t  •  (i  )  the  coiilrolliiiK  (  ouplc  d.  prn.liiij,'  <'ii  tli.'  nioar  of  siisiuiisioii  an. I 
niopoitional  to  tlu-  an^l.'  '>(  .l.viation,  aii.l  (ii.)  tlu'  .l.ll.rtiiig  coui-lr. 
.U'poiulmK  "11  thf  stroiii;tli  of  Vav  cuiivnt  C  aii.l  tlir  cosiur  of  the  aiigk-  of 
tlcviatiou  0.  Hence.  < '  cos  fl  =  .fO  wlieiv  a  is  a  <  oiistaiit  .leiHiidiii^,'  on 
tiio  Reonutry  of  the  coils.  In  tins  e(iiuitioii  it  is  assiinu  d  tiiat  m  the  zero 
position  the  axes  of  the  coils  are  at  iif,'lit  aiif^U  >  to  one  anotli.r. 

Siemens'  niodilieation  of  Weber's  electiu-dynainometer  (Fig.  7J2)  consists 
of    a   suspended    movable  coil  w  w  "^ 

placed  at  right  angles  to  a  fixed  coil 
.\  A.  The  movable  coil  W  W  h.is 
only  one  turn  of  thick  wire,  whilst 
the  fixed  coil  A  A  consists  ol  wires 
having  a  number  of  turns.  The  ends 
of  the  movable  coil  dip  into  mer- 
cury cups  into  which  the  current  is 

directed;  F  is  a  cylindric  spiral 
spring  which  holds  the  im)vable  coil 

in  position,  the  weight  of  the  movable 

.nil    being  carried  by  a  silk  thread 

which  passes  up  through  tlu;  centre 

of  'he  spiral  spring  and  is  attached 

at    the    top    to   a   cross  wire  which 

can  bo  turned  by  the  small  disc  (/  / 

Z  is    an    indicator    attached   to   the 

movable  coil,  and  moving  over  T,  a 

graduated  scale.      The  wire  ends  ol 

the  fixi  <1  coil  are  so  connected  with 

the  binding  scn^ws  i,  2,  and  3,  and 

the  mercury  cups,  that  the  current 

maybe  sent  either  through  a  few  tin  liS 

of  the  fixed  coil  and  the  movable  coil, 

or  through  many  turns  of  the  fixed 

,oil  and  the   inovaWe  coil,   thus  adapting  the   instruin.nt   to  currents  ,,f 

.hfferent  magnitudes.     As  the  movable  .<.il  has  onlv  one  turn,  the  earths 

magnetism  will  -.lave  very  little  inlluence  upon  its  position,  aiul  this  influence 

,an  be  eliminated  by  setting  up  the  instrument  wiih  ilu.    .eganl  to  the 

<lirection  of  the  earth's  field.  The  deviation  of  tlu-  movable  circuit  is  counter- 
icted  by  tlu-  torsion  of  th.-  spring,  whu  h  c,„,  be  applud  by  nuans  of  tlu^ 

knob  at  the  top.     The  angle  through  which  the  top  of  the  spring  ha,  to 
be  inove.l  is  indicated  by  the  pointer  P,  and  is  the  measure  ot  the  sqmtrc 
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of  thr  bticiiKlli  "f  tl«<-  <"nvnt.  Fi)r  the  vertical  currents  in  the  movable 
c.il  iKing  al  right  angles  to  the  field  of  the  fixed  coil,  will  be  dragged  across 
that  lield  •■  a  force  proportional  to  the  prod"  t  of  the  current  and  the 
strem"  >e  field,   and  therefore  proporti.     X  to  the  product  of  the 

<  urrc  two  coils,  since,  as  there  is  no  iron  present,  the  field  strength 

will  0  lioual  to  the  current  producing  it.    But  these  two  currents 

are  one  auu  ilie  same  current,  since  the  coils  arc  in  series.  Therefore,  finally 
the  turning  force,  actinp  on  the  movable  coil,  is  proportional  to  the  square 
of  the  crrent,  and  this  force  is  balanced  by  the  torsion  of  the  spnng, 
which  is  proportional  to  the  angle  through  which  the  pointer  is  moved. 

The  Siemens  eleclro-dynamometer  is  calibrated  by  placmg  it  in  series 
with  a  copper  voltameter  [sec  page  343)  and  maintaining  a  steady  current 
in  the  circuit  for  a  measured  period  of  time.  From  the  amount  of  copper 
separated  out,  the  strength  of  the  current  can  be  calculated  in  amperes. 
The  angular  position  of  the  pointor  being  proportional  to  the  square  of 
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Fig.  733.— Principle  of  Lord  Krlvin's  Currenl  BaLincps. 

the  strength  of  the  current,  the  square  root  of  the  dynamometer's  indica- 
tion will  vary  as  the  strength  of  the  current,  and  the  proportion  of  this 
reading  to  the  strengths  of  current  obtained  by  the  voltameter  will  give 
the  reduction  factor,  or  constant  of  the  instrument— that  is,  the  multiplier 
which  will  enable  us  to  reduce  the  indications  of  the  dynamometer  to 
amperes  This  number  is  called  the  constant  of  the  apparatus,  because, 
once  determined,  all  calculations  may  be  easily  effected  by  means  of  it. 

Current  Balances.— The  last  type  of  strndurd  current  measurers  to 
which  we  shall  refer  are  the  currenl  balances  of  Lord  Kelvin.  In  these 
the  mechanical  attractions  and  repulsions  between  a  n-ovable  and  a  fixed 
part  or  parts  of  the  circuit  arc  counterbalanced  by  a  known  weight  sliding 
along  the  beam  of  a  balance  to  which  the  movable  part  of  the  circuit  is 
attached  The  principle  is  shown  diagrammatically  in  Fig.  733-  '"  which 
MX  coils,  A,  B,  c,  D,  E,  and  F,  are  shown  in  section.  These  coils  are  all 
electrically  in  series  with  one  another  in  the  circuit,  but  the  first  four,  a, 
B  c  and  D  arc  fixed,  and  the  other  two,  E  and  f,  are  attached  to  the  beam 
.,f  a  balance  which  rests  on  a  knife  edge  at  M.  On  each  side  there  arc 
two  fixed  coils  with  a  movable  coil  between  them,  all  co-axial,  the  two 
movabl-  coils  on  th.'  arms  of  the  balance  being  accurately  balancl  so 
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that   when  no  current  is 
p;issing   through   the  in- 
strument    the    arm    lies 
horizontally,  as  shown  by 
tlic  index  I  on  the  right- 
liand  end  pointing  to  the 
mark  o  on  the  fixed  scale 
S.    The  electrical  connec- 
tions arc  such  that  when 
the  current    passes,    the 
coil    K     tends    to    move 
upwards    under    the    at- 
traction   of    A    and    the 
repulsion  of  B,  whilst  the 
coil    K    tends    to    move 
downwards  under  the  re- 
pulsion of  c  and  the  at- 
traction of  i>.    The  polari- 
ties  of    th;.'    coils    which 
give  rise  to  these  attrac- 
tions and    repulsions   are 
indicated    by    the    small 
letters  n  and   s  on    the 
axes.     As  a  whole,  then, 
the  beam  of  the  balance 
tends  to  rotate  in  a  clock 
wise    direction,    as   indi 
cated    by  the    arrows   r, 
and  R„  and  this  tendency 
has    to    be    counteracted 
by  the   little  carriage  r. 
carrying    the   weight    m, 
being  slid  along  the  beam 
until    equilibrium    is   re- 
stored, and   the   index    i 
again    brought    opposite 
the    fiducial   mark   o    on 
the  scale   S.      The    posi- 
t  ion  of  the  carriage 
which     produces     equili- 
brium can  be  read  off  on 
a      scale      engraved      on 
the  beam,  and  this  posi- 
tion, account  being  also 
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taken    of    the    weiKht    «-,    'vasurcs    tl.e    current    pnssinR    th.ough    the 

'"' As"n'."tl.f  c.cctro-dyna.n...nclcr.  the  incdunical  effect  is  prcportional 
lo  the  pioduct  of  the  currents  in  the  t.xed  and  movable  coib,  and 
therefore  to  the  ,vy/mr.  of  the  curre-.t  passn.g  through  the  cods  hi  series. 
Also  a  reversal  of  the  current  docs  not  alter  the  directions  of  the  forces, 
and  therefore  the  instrument  is  adapted  tor  the  measurement  of  eflecls 
produced  bv  alternate  currents,  irrespective  of  penod.c.ty 

A  complete  instrument  is  shown  in  F.g.  7?4.  <"  winch  a  htk  o- 
ampere  balance  is  represented.  The  action  will  be  understood  fron.  the 
^.,  desciption  especially  as  where  possible  the  same  letters  have 
been  used  to  denote  the  si.nilar  parts  m  the  two  figures.  When  m 
use  the  instrument  is  enclosed  in  a  glass  case  to  protect  .t  trom  a.r 
currents  which  might  disturb  the  balance;  and  the  strings  are  or  the 
purpose  of  drag-.ing  the  travelling  carriage  a  backwards  and  forwards 
o'n  the  beam.  'By'a  very  ingenfous  device,  which  cannot  bo  shown 
clearK  on  the  small  .scale  of  the  figure,  the  carr.age  ,s  '-'I  J>';  [^«« 
and  clear  on  the  beam  as  soon  .,s  the  strmgs  arc  slacked.  The  posU.on 
of  the   index  .  on    the  beam  relatively  to  the  fiduc.al  mark  o   .s  observed 

'^TtiH  b^rS'u-i-ood  that  one   of  the  great  di«icuUies  ir.  ^ 
mechanical  design   of  these   current    balances  ,s   ^«    '"';°^^'^'-\^,'l%™ 
into  the    movable  coils  without    puttn:g   any  constramt   on   the  freedom 
of  motion  of  the  balance  arm.      It  cannot   be  passed  through  the  puots 
or    knife-edges   becau-o   of  the  heating  effects  wh.h  would  be   produced 
°here  by  .he  relative;,  high  resistance  of  U.e  loose  and  small  contacts,  such 
headng  increasing  very  rapidlv  as  the  currents  become  larger.     1  he  current 
"erefore,  passed   acro.s   this    necessarily  loose  jonU   by    very  fine  and 
H;Jble  copper'  ligaments,  so  arranged  as  to  produce  -    Htle  constra.n     as 
possible.      But    since   each    fine    ligament    can   only  safely   ca  r>    a    sn  al 
cu     .nt,  their  number  hecomer,  very  large  when  curre.Us  used  m  electr.c 
hghting  are  passed   through.      In  one  of  the  early  ,.strun,ent.  as   .n.my 
as   7o5)  such    ligaments   were  used  without   being   able    to    pass    a    very 
arge  cmrent.     With   so   n,any   ligaments,  ho.-ever   flex.ble   they  mav  be 
it  Is   impossible    not    to    interfere    with    t.^e    freedom    of    mot  0,1   of  the 
balance  ar.n,   and   therefore  for    large  currents   the    '"^tjument  has  b 
n^odified,  so' that  the  large  current  traverses  or^ ^^^  '^f  ^^'^ 
the    movable    coils    carrv   a    much    smaller   current    whose    magnitude    . 
minted   on    another   balance   and   whose   passage    m    and   out   does    not 
present  insuperable  difficulties. 

TIL  — MKASVKKMF.NT   OF    RESISTANCE. 

Accurate  knowledge  of  the  olimic  re.i  tance  of  the  conductors  "sed  is  of 
importance  in  all  cicctnca'  work  where  el    trie  currents  are  employed,  but  it 
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is(sp<'<ially  iiniii)if;int  (o  lluMii|;iiurr  doalini,'  witli  Lhlm' qn.intitirs  of  tln'ric 
( iiciyy,  for,  as  is  jiuintccl  out  over  an<l  over  attain  in  i)tlitr  partsof  tlit  book, 
this  ri'sistaiuo  is  one  of  the  factors  in  tin;  production  of  the  beatini;  dfict 
of  the  current.  In  most  enj^inttiiiig  oiniatioiis 
this  prfHhiction  of  lieat  means  wasteful  loss  i)f 
energy  and  is  one  of  the  main  causes  of  the 
inefficiency  of  the  machinery  employed. 

The  definition  of  resistance  and  simple  methods 
o*  measuring  it  have  been  given  alieadv  (vi-  p.i(,'e 
.5(x)) ;  it  is  proposed  now  to  refer  hrietly  t-  some 
of  the  more  interesting  and  important  tonus  of 
apparatus  used  in  more  accurate  work,  premising 
that  the  measurement  of  one  resistance  in  terms  ol 
another  probably  admits  of  a  hiL;iier  order  of  ace  u- 
racy  than  ;iny  other  elei  trical  measurement.  It  will 
b«'  well  first  to  consider  the  standards  available. 

Standard  Coils.— On  page  .;56  there  is  gi\t'n 
tlie  fornral  specit"icati<  \  of  the  concrete  standard 
known  as  the  ohm,  i..it  the  coustnution  of  a 
standard  accurately  fulhlling  the  terms  ol  the  sjieci- 
aL^  tic.ition  and  yet  adapted  to  ordinary  use  is  not  an 
easy  matter,  and  for  many  ye.irs  wires  whose  re- 
sistances have  been  tarefnlly  coniparid  with  the 
fe-?~-^^r,-£:f^gl_;7gg3pfr3J  laboratory  standards  havi;  been  issued  for  general 
v,'e,.-;yZ\HvKx^ri  I'nii.  testing  work.  .\  few  years  ago,  however,  Henoit 
devised  the  standard  resistance  .shown  in  Fig.  ;j5,  which  aims  at  com- 
plying with  the  actual  conditions  of  the  oflicinl  specification.  The  glass 
tube  containing  the  mercury  is,  or  compactness,  bent  into  the  form  of  a 
(loul)le  or  triple  U.  tin  ends  being  brought  to 
enlarged  tubes,  lilh  d  with  mercury,  which  form 
the  electrodes.  The  wlioie  is  enclosed  in  a  gla~s 
jar,  wliicii  <an  be  filled  with  water  or  ^onu 
(ither  liquid  to  l)riug  the  mercury  in  the  tubi 
to  a  known  temperatuie. 

Even  in  this  form  the  unit  is  not  at  all  con- 
vemeni,  and  for  most  purposes  wire  copies  of 
the  unit  or  of  one  of  its  multiples  or  sub-mul 
tiples  arc  employi.d.  Now  the  resistanc  ol  a 
unform  wiredepends  {see  page  184)  on  its  length, 
cross-sectional  area,  and  the  specific  reb'.,taiice  of  its  mateiial.  The  latter 
varies  with  temperature,  and  therefore  in  cuii-fnuling  a  staiidanl  <  oil  it  is 
necessary  to  uiake  special  arrangcineuts  for  bnnging  the  c<jnductor  to  a 
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definite  and  known  temperature.  One  of  the  Ixst  ways  -f  d-  mk  t  us  ,s  to 
immerse  the  coil  in  a  bath  of  liquid  of  known  temperature  and  to  keep  the 
tTmi^^ture  of  the  bath  constant  for  a  lonR  time.  But  tins  necessitates  a 
p^S  conTt.^ction  of  the  coil,  and  especially  of  the  electrodes.  Muny  forms 
h^e  been  proposed  and  used.  A  good  one  devised  by  Dr  Flemmg  .s  shown 
in  Fie  7^6  The  wire,  made  of  platinum-silver  and  msulated  with  silk.  i:. 
cont  Jned  in  the  flat  ring  c,  its  two  ends  being  soldered  to  the  thick  copix>r 
rods  A  B.  A'  B'  which  pass  up  through  the  ebonite  tubes  T.  T  .  without  touthiiig 
them  The  ebonite  block  d  mechanically  supports  the  copper  rods  It  tlie 
ring  c  be  now  inserted  in  a  vessel  of  melting  ice.  in  a  few  hours  the  platinum- 
si<ver  wire  will  be  at  a  temperature  of  o"  C.  at  which  its  resistance  is  known 
in  terms  of  the  standard  ohm.  The  outer  ends  of  the  copper  rods  can  be 
placed  in  mercury  cups  outside 
the  vessel  containing  the  ice,  and 
from  these  cups  connections  can  » 
be  made  to  the  other  parts  of  the 

circuit. 

Elaborate  arrangements  for 
producing  definite  temperature 
conditions  would  be  unnecessary 
if  we  had  a  material  whose  specil-c 
resistance  varied  little  or  not  at 
all  with  changes  of  temperature. 
In  the  Keichsanstalt  in  Berlin  an 
alloy  of  nickel,  manganese,  and 
copper,  called  manganin,  was  i)rc- 
pared.  which  varied  very  little 
in  resistance  between  o°  C.  and 
ioo°C.,  and  more  recently  another 
alloy,    called    "  Nickeline,"    lias 
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been  made,  which  has  a  small  negative  temperature  cefficient-that  is, 
its  resistance  diminishes  w.th  a  rise  of  temperature  instea.l  of  increasing,  as 
is  the  case  uith  metals  generally.  Such  materials  are  now  being  largely 
used  for  resistance  coils,  but  it  is  only  by  observations  extended  over  many 
vears  that  their  ultimate  suitability  and  permanence  can  be  determinetl 

In  manv  forms  of  standard  coils  the  wire  is  covered  with  silk  to  insulate 
it  •  but  silk  is  a  bad  lonductor  of  heat,  and  its  use  renders  it  difticult  to 
ascertain  the  exact  liniperature  of  tlie  enclosed  wire.  Mr.  li.  H.  (rnlhths 
therefore  de-^ign.'d  a  Standard  Coil  in  which  the  wire  is  kept  I  arc.  and  othei 
methods  of  insulation  are  employed.  These  coils  have  during  the  la.-t  few 
vears  found  great  favour,  and  have  been  adopted  by  the  Berlin  Keichsanstalt 
A  particular  pattern,  as  tnadc  l^y  the  Cambridge  Scient.tic  Instrument 
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Company,  is  shoA-n  in  FIr.  737-  A  bare  platinum  silvrr  wire  is  wutid  on  a 
mica  frame,  and  the  coil  and  fra.  ■  are  immersed  m  a  hiRhly  msulatmR 
oil,  the  ends  of  the  resistance  wire  Uing  attached  to  terminals  of  the  UMial 
pattern,  as  seen  in  the  figure.  The  bare  wire.  l>eiiiK  in  c(»ntact  with  the  oU. 
must  rapidly  take  the  same  temperature,  which  can  be  read  off  on  a  thermo- 
meter introduced  inside  the  windings.  An  ad.litional  advantage  is  that 
the  wire  can  be  heated  electrically  to  a  dull  red  heat,  and  annealed  ..i  m/m  ; 
in  this  way  any  strain  set  up  during  the  prmess  of  windnig.  and  which 
might  affect  the  constancy  of  the  resist  mce.  can  be  destroyed.  In  more 
elaborately  constructed  coils,  a  second  wire  made  of  a  material  with  a  higher 
temperature  coefficient  is  wound  alongside  of,  but  insulated  from,  the  stan.lar.l 
wire,  and  its  ends  are  brought  to  a  separate  pair  of  terminals.  By  measuring 
the  resistance  of  this  auxiliary  wire,  the  mean  iemi>erature  of  the  bath  m  the 
neighliourhood  of  the  standard  wire  can  be  v  •  v  ar-urately  ascertain.  .1.  It 
acts  as  an  electrical  thermomeUr. 

Passing  now  to  the  consideration  of  f  .nipanng  unknown  re- 

sistances «ith  the  above  or  otlur  standi  ...•:  most  accurate  of  these 
methods  for  dead  resistances,  that  is.  for  -esi^fKiices  which  contain  no  seat 
of  E.M.F.,  is  undoubtedly  the  Wheatstone  bridge,  the  elementary  principles 
of  which  have  been  already  explained  (sec  pages  355  and  ^(n). 

Wheatstone  Brldges.-The  Wheatstone  bridge  test  for  resistance  .s  so 
frequently  required  that  special  Ix.xes  of  coil-  an  made  up  containing  resist- 
ances suitable  for  the  three  arms  n,  v.  and  q  of  Iig.  S^f,  with  the  nect^>ary 
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binding  or  terminal  screws  for  connecting  the  galvanometer  and  the  battery, 
and  frequently  with  the  necessary  !.eys  also.  There  is,  however,  a  simple 
and  useful  form  of  bridge  devised  oy  Kohlrausch,  and  usually  known  as  the 
"  Metre  "  bridge,  because  the  slid,-  wire  which  is  a  prominent  feature  of  the 
apparatus  is  frequently,  but  not  necessarily,  a  metre  long.  This  instrument 
is  shown  diagrammatically  omnecttd  up  in  I'ig.  7J«.  J^  consists  of  a  wire 
c  d  of  platinum  or  other  suitable  material  stretched  taut  Ixjtween  flat  copi)er 
strips  at  L  and  m.  The  wire  should  be  of  unifotin  croe  section  ana  com- 
position throughout,  and  L,  T,  g,  s,  and  M  aie  flat  copper  strips  arranged 
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an<l  ,.n.vi.led  with  bi-.-lin,  .crows  as  shown.  Conn.,  t.-l  arms,  ,..,..  1 .  t«oon 
the  strips  aro  tho  coils  a  an.l  '•  whose  resistances  are  f.  l.e  enn.parecl.  I  e 
battery  B  is  placed  between  the  screws  s  and  v.  a.id  one  terminal  o  the 
'a  "norneter'is  connected  to  Q.  The  other  terminal  of  the  ^^^Ij— '  -  - 
connected  to  a  sliding  key  K,  which  can  be  brought  to  any  P'-t-n  '  e  c 
wire  and  which  when  depressed  connects  the  galvanometer  to  tin  w.r. 
The  exact  point  of  contact  v  is  indicated  on  the  divided  scale  by  the  pos.tu.n 

of  a  fiducial  mark  on  the  top  of  K.  „     .  ,     ,        .     r      ,,-,  ;♦  will  I,.. 

Comparing  the  c.necl.ons  in  Fig.  738  with  those  m  I'.g.  333  t  w- 
seen  that  r  and  s  in  Fig.  73S  correspond  to  ,.  and  c  m  I-.g.  :,M  whilst  n  and  v 
Tn  the  forme,  hgi.re  cor/espond  to  6  and  .  in  the  latter,  the  Ka^ai^ometer 
being  placed  in  the  part  corresponding  to  the  branch  W  of  I  .R-  333^ 
we  neglect  the  resistances  of  the  copper  strips,  and  denote  by  c  and  rf  he 
resistalices  of  ..  .•  and  .•  m,  the  two  part,  with  winch  the  w.re  .s  divided  at  P. 
we  have,  by  the  same  kind  of  rcasoinnu  as  is  used  on  page  3O1— 
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whence 
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If,  then,  wo  know  the  ....istance  nf  the  cil  /.  ...id  the  v.lhie  uf  the  r..l,o  _^  we 
can  calculate  the  value  ..f  the  resistance  a.  Hnt.  a.^nniiig  the  wno  fnltils 
the  condition  named  above,  the  ratio  '^  is  that  uf  the  two  lengths  into  v  ich 
the  bridge  wire  is  divided  at  T,  and  the-e  lengths  can  be  read  »fi  on  the  scale 
The  wire  bridge  is  used  for  resistance  measurements  of  the  higlies 
accuracy  by  a  method  originally  due  to  Professor  Carey  Foster,  and  earned 
to  a  higher  degree  of  refinement  by  subsequent  experimenters.  (  onsKler- 
ation  01  space  will  not  allow  a  full  description  of  the  apparatus  and  det.uis 
of  the  modern  developments  of  this  method. 

A  very  usual  form  o.  a  box  of  coils  for  Wheatstone  bru  gc  work  ,s  shown 
ir.  FiL'   7  W  the  diagrain.of  the  connections  for  the  test  and  tin-  details  of  the 
value'"  of  the  coils  being  given  in  Fig.  740.     The  letters  ro.  s,  and  x  1  n 
Fie   740  are  in  the  same  electrical  positions  as  the  same  letters  uit.g.  /3X 
and  the  two  figures  should  be  carefully  compared.     The  place  of  the  bncge 
wire  is  taken  by  the  coils  in  pt  an.l  x  o,  known  as  the  '•  ratio    ^-'»1;.  •-""    ■ 
will  be  noticedthat  these  coils  have  simple  values  which  le.ul  either  to   unit 
or  decimal  ratios.     The  advantag.  of  this  is  obvious  on  reference  t<,  cpiation 
(i^  above     The  wire  v  s  represents  *he  unknown  resistance,  and  balance  is 
obtained  bv  altering-  the  ratio  coils  and  the  coils  in  «  s  until  the  galv-ano- 
meter  give^  no  deflection,     la  actual  practice  keys  must  ue  inserted  both  in 
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tlu-  batteiv  cir.nit  am!  in  tin-  nalv..iu.ni.t.r  ci.nni.  ..lul.  ul.-u  l.-sin.K'.  i|e 
baltny  k»-v  nui>t  Im^  .  l.-.a  hefow  llu'  ,;alv.-.no.n.tcr  k.y.  >..  '^  t..  flimuiaU- 
till-  inductivf  .■Id;,  ts  (»{  airy  induclaii"  e  in  the  resistance  und«r  Ust. 

An  arraiim-int'iit  of 
bridge     cdiU  "*  widely 
used  by  the  mgineer- 
ing  department  of  tlie 
Kritish  I'ost  Office  is 
sliown  in  Fijj.  741.    It 
is  mure  ccjiiiii act  than 
tlie  box     '  Fig.  7.5' I 
and  has  the  additional 
advantage    that    the 
two  keys  recjuired  for 
the   battery  and   gal- 
vanunu'ter        circuits 
r  e  ;j  p  e  c  t  i  V  e  1  y    are 
mounted    in    a    con- 
Ncnient     jjosition     at 
tlie  front  of  tlie  bux. 
In   some    testing    sets 


Hit!   7JI)  -Or.linary  Wlirji  tone  HhJ>;e;  Coili  oniy. 


the   galvanometer  and   tlie    batteiy  are  also  coii- 
tamod  in  the  sam.'  box  as  the  coils  and  keys. 

Uquid  ResiStances.-In  the  testing  of  the  resistance  of  electrulytes 
^  — ^^-^^  complications  are  in- 

troduced     by     the 
chemical  c    >ct  of  the 
current   used  in  test 
ing.    This  effect  sets 
up  {xee  page  200)  an 
K.M.F.  whicli   acts 
against    the   current, 
and     diminishes    its 
vahii'.         \     similar 
diiiiiiuition  would   be 
obtained   by    an    in- 
( nase    of    resistance, 
and,  tliirefore,  if  the 
duniiial     effect     be 
really   is.     A  simple 
E.M.v.   generated   by 
this  action    is    to  join    up  iii'the  same  circuit,  with   a  galvanometer   and 
a  iheo,tat,   tlK-  vessel   c-ntaininy  the  li.-iuid.  ^upplR-d  with  suitable  elec- 


llK.  740     Diai^rani  of  Connections  of  Ordinary  Wheatstone  Bri.lK- . 

nci^lected.  the   i.si-t.Hue  will   app.ar  l.igher  than  it 
me'thod    ot     compensating    approximately    for    the 


Elbctkicity  is  thk  StnyicK  of  Man. 


74« 

otlur  in  the  l.,«.a.  ^^'^^^ ,^  ^^  ;\,,.y  ,„a  „,  the  liquid  working 
due  to  tliediMerence  uf  tl.e  •'•»'\J' '  "'  ,y^„  „{  liquid  lying  between 
through  resista..ces  of  the  w.r.  '^"^^  j^^  "^'J™  ^  „,lved  farther  from 

,h.  electrode..  The  two  f  ^^'^'J'j'^  "^^^^^^l^Jonrr  and  the  resistance 
each  other,  so  that  the  column  of  bquid  become,  o^g^^^^        ^^^     ^^^^ 

consequently    shows    a 
smaller    deflection.      If 
now    by  means  of  the 
rheostat  such  a  resist- 
ance be  removed  from 
the  circuit   as    will  re- 
store the  original  deflec 
tion,  the   resistant' 
removed  will  be  nearly 
equal  to  the  resistance 
of  the  column  of  liquid 
add<<l.     The  method  is 
defective,   inasmuch    as 
the   value    of    the    pol- 
arisation    E.M.F.   may 
have    changed    in    the 
interval     between     the 
taking  of  the  two  read 
ings,  though  this  is  par- 
tially   guarded    against 
by    returning     to     the 
same  current. 

Polarisation  and  the 

consequent   back  E.M.F. 

..,.„ will     be     destroyed    il 

-  inte^a,  values  of  tl.  c^- -J  -ouj^ 

nately  the  sa^ne  and  '"  J^^'^^J^^^^^^,,,   ,,,„,,,  ,,rrents  if  in  one 

rapidly.     Ihus,   u.mg  I'^'^'y  'y""  ..^^^^  with  loo  equal  currents  in 
second  loo  currents  m  one  direction  alternate  wimi        4 


Fig.  741.-A  Po"  0«««  WhMttlone  Bridge 
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ance  moasurod  without  U-.n^  alt.,  t.d  by  .K.lansat  on^  JJ'       '^^^^    7„ 

.s  that  tho  ordHKuy  galvanometers  ^  ■^•''''^f'=*^''''*;'*J  "^IS     uuch 
such  currents,  which  tend  to  detUct  the  nmlle  ") 'H'lx^.te  chn^m^  .-"^^ 

nroJrr^ttfrrauc^JtL  an  e.ectro-dynamometer  (s«  page 

''M  tl.;:X-  Kohlrausc-l.  devised  the  special  Wheatstone  bridge  shown 
in  Fig  7V  It  U  a  w.re  bridge,  the  wire  being  stretched  over  the  scale  ek 
A  cont  ct  piece  conne.  ted  to  ,  can  tx.  moved  along  the  wnre  to  adjust  he 
ualance  The  third  arm  of  the  bridge  is  made  up  of  coils,  or  a  smgle  co.l  in 
ttt.x  s,  which  contains  four  cods  of  1. 10. 100.  and  I.ooo  ohms  r«pect.vely. 


Fig.74S  -Kohlr.o.eh'.  DridK.  for  M«suremerl  of  Liquid  K,  si...nc«. 


„„„„,«,.„„.  brass  ««.,..  .--o,U 

an  induct  on  coil  (aee  page  42, )  worKea  oy  a  "^"^'y  '  ,       .. 

.  .nH  r   -invl  suDPlvinc  alternate  currents  to  the  bridge.     Ihe  »iter 

minimum  sound  only,  can  ne  ucaiu  11  r  pi«-trnlvte  res  st- 

India"" c'«l  «,,!,  U«  ...ke  a„d  b-aU-  contact  m  th.  pnmary  by  a  stt.uso.dal 
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alternate  current  derived  from  an  alternate  current  generator  of  snnple 
construe  tion  eith.r  .lire.tlv  or  through  a  translortner.  In  this  way  currents 
can  he  obtained  whidi  more  nearly  fulfil  tlie  condition  of  being  pe  lectly 
svnmietrical  on  the  positive  and  negative  sides  of  the  zero  line 
"•  A  simple  method,  devised  by  the  writer,  nut  involving  the  use  of  alternate 
currents  is  shown  diagrammaticallv  in  Fig.  743-  The  electrolyte  whose 
nsi-tance  is  to  he  measured  is  contained  in  a  fine  tube  \ah\\  ot  thermometer 
glass  on  the  ends  of  which  cups  .\  and  b  have  been  fused  for  ilie  purpose  of 
containing  the  electrodes.     R  is  a  known  wire  resistance,  c.  a  galvanoscoiK- 

c  a  battery,  and 
K  a  break  circuit 
key.     On   press- 
ing tiie  key  K,  a 
current     flows 
round  the  circuit 
in   the   direction 
of     the     arrows, 
and  the  galvano- 
scope  u  serves  to 
indicate     when 
this    current    is 
stead  y.     T  w  o 
platinum  wires  ix 
and  h  are  sealed 
into  the  tube  con- 
taining the  elec- 
trolyte ;     these 
serve    as   testing 
electrodes,    and 
im'.  -,i--^i''>-"f*""'"'  "'  ' ''!"'''  '<'^'''^"'^f  ''>  '■"'"  "'  '■""■""•"•  are  connected  to 

the  switcli   s,  to  which    also    the    ends  <   and  d  ol     the   resistance   K   are 
.Mted   as    shown.      On  the  other  side  ol  s  is  an  electrometer  (%ee  page 


.7.)  V  which  bv  means  of  Scan  be  mach>  to  iiua>ure  the  IM).  betwen  a 
and  /.  'or  the  I'.i..  between  c  and  d.  If  the  current  in  the  circuit  as  shown 
bv  the  galvanoscupe  c.  is  unchanged  bit  ween  the  two  meas'iivments  we 
know  bv  Ohm's  law,  that  the  two  I'.D.'s  are  proportional  to  the  resistances 
between  the  points  </  and  /*  an.l  the  points  r  and  d  respwtively.  Kut,  as 
we  know  the  latter  resistance,  tlie  former  can  b.>  calculated.  'I  he  r.sult  is 
tree  liom  liie  tifects  of  polarisation,  as  the  quantity  nece>-,ary  to  charge 
the  ele(  troimler  is  too  small  to  polarise  the  electrodes  w  /.  by  its  passage 
and  these  .kct lodes  are  bn.  tar  otf  the  electrodes  A  and  B  to  be  affected 
by  the  po'aiisatiun  there. 
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Tlie  mt'thnd  ill^t  dcsirilhd  i>  known  a^  tin-  "  fail  of  {xtlfntial  "  niotlioil, 
anil  can  also  lie  nscd  ti)  coni|ian'  wiiv  or  (I'.id  resistances,  tiie  unknown 
iisi>tance  takiii!;  tlio  place  ■>!  iju'  electroK  te. 

Measurement  of  High  Resistances.  AltlionKli  a  wide  lani^e  of  resist- 
ances can  be  nieasnred  on  llio  ordinary'  Wlieatstone  l)ridi;c,  yet  there  is  both 
an  iipper  and  a  lower  limit  lieyond  which  the  method  lUher  ceases  to  Im- 
applicable  or,  what  is  perhaps  much  the  same  thing,  ceases  to  be  sensitive, 
the  measurements  beinj,'  h  il'It-  to  serious  errors.  For  instance,  on  tlie  upper 
side,  it  the  greatest  ratio  on  the  ratio  arms  be  1 ,000  to  i  ...id  the 
'argest  resistance  available  in  the  third  arm  be  10,000  ohms,  the  bridge 
can  theoretic  all\- 
nu'asure  up  to 
10,000  X  1 ,000 
=  10,000,000  or 
10  megohms,  and 
no  farther,  liut 
long  befort'  this 
Inuit  is  re:;ched 
it  will  be  found 
that  the  method 
is  not  V.  ry  sen- 
sitive. In  prac- 
tice, however,  it 
is  necessary  to 
measure  resist- 
ances of  1. 000 
megohms  and 
more,  and  these 
are  obviously 
far  outside  the 
above  limit. 


R 


B 
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l'V»r  su(  h  mea>urements,  therefore  ether  metlux/s  nui.st  be  adopted.  The 
"  fall  of  jwtential  "  method  (scf  alo\e)  may  be  used  if  a  large  standard 
resistance  of,  say,  1  megohm,  and  a  sensitive  electrometer  are  available.  The 
method  of  substitution  (see  page  361)  can  also  be  used,  especially  if  when  the 
standard  resistance  is  in  circuit  the  apparatus  is  so  arrangtrd  that  the  galvano- 
meter is  heavily  shunted  and  ordy  a  small  known  fia<  tit)n  of  the  battery 
I'. I).  IS  used,  whereas  with  the  high  ri'sistance  the  galvanometer  is  unshunted 
and  the  whole  iM).  of  the  battery  is  employed  to  force  the  (  nrretit  through. 
In  suiii  a  measurement  the  unknown  resistance  may  In,'  of  tlie  order  of  a 
million  times  the  resistance  with  which  it  is  being  lompared. 

Another  method,  known   as  the   "  lo»s  of  charge"  method,  is  entirely 


,^6  Electricity  is  the  ^eev'icb  of  Man. 

different,  and  can  only  be  used  for  the  --7™-;lXtCl^^^^^^ 
If  a  condenser  of  known  capacity  be  charged  and    ^en  d.^ha  ^         ^^  J 

a  very  high  re^stance  it  -P^^^J^^^J^'^^^^ 
leaks  out  depends  on  the  product  of  the  capacity  a 

the  law  is  not  one  of  simple  P^P^/Ji^f '^^^^^ 

Onemethodofcarrymgout  the  test  sshowna^ra.  ^fgij.insuiated 

The  high  resistance  R  to  be  measured  .s  connec  ed  a^-ss^*^;^^^^  ^^  „  , 
terminals  of  an  electrometer  e  ;  c  ,s  ^'^"f  "f  ^  :J^j^,^"°;;;^^^  is  connected 
battery  ;  K  is  a  high  insulation  sxvxtch  ^'.^^'.^^^iSZtLL.^  on  the 
up  as  shown,  special  attention  bemg  pa.d  to  all  deta.b.  ol  ^  ^  ^^^^^^ 

side  K.  If  the  key  k  be  closed  ^^e^^^^^^  ',1  E  m  r  of  the  batterv. 
™eter  gives  a  deflection  -"-^^^^i^,;^  ^^^^^ 

When  the  electrometer  has  come  to  rest  ine  Key  is. «  "i^  .denbcr 

o^  the  condenser  are  left  connect^  through  the  resistance  R.  ^^^^^^^^ 

therefore,  begins  to  lose  "-^^f  ^  ^.^^^^^^^^^^^^  the  dkec- 

as  the  charge  disappears  the  p.d.  of  the  conaenser  ^^^      ^^e  to  be 

tion  of  the  electrometer  will  fall  proportionate  y     {ime  readmg.  a 
taken  of  the  electrometer  deflections,  from  which  the  resistance 
calculated  by  the  formula  :—  , 


"~Klog  J| 


X  0-4343 


p.ri»t,  and  that  th««  is  no  leakage  in  the  conden«r  i^'  J^  '^'^  J^  ^^ 

S  it  is  easy  to  determine  the  ■f-'''Z::TZ^^'^^^^^^''-' 
same  method,  and  tlien  to  apply  uie  laws  of  P"'''' ' '<n''"  ,.„ja,ser  are 

in  which  the  «<f'^^-'-^'y^^^i't^^t^:^,:^:».u^^ 
":;\r:^raS;:hXSch^::.etitaks.^^^^^ 

lurthet  developed,  but  these  developments  are  ^>^»"'l  ' '=J^"1^ 
':X   they  wSl  he  lound  --'W '" '-"•^J  ™  ^^^'S^'  Sances  such 
as  rjm.^!.  S^-f^^ire-l^-*^  sP^lal  ntethuds 
must  be  adopted. 
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The  danger  which  has  always  to  »>e  guardetl  against  in  measuring  low 
resistances  is  that  the  resistances  of  the  contacts  by  which  connections 
r.re  made  to  the  measuring  apparatus  should  not  affect  the  result.  It 
will  be  readily  understood  that  where  the  resistance  to  be  measured  is 
a  few  microhms  or  a  small  fraction  of  an  ohm,  the  resistances  of  contacts 
and  leads  or  conn'^cting  links,  if  not  carefully  eliminated  or  allowed  for  by 
the  method  of  test,  may  be  many  times  greater  than  the  resistance  of  the 
conductor  t.    be  tested,  and  thus  may  entirely  vitiate  the  result. 

In  Wheatstone  bridge  measurements  the  resistances  of  the  contacts 
in  the  arms  of  the  bridge  obviously  must  affect  the  result,  as  in  the  equa- 
tion assumed  to  be  true  when  balance  is  obtained  (scfl  equation  (i),  page 
740)  the  four  lesistances,  a,  h,  c,  and  i,  must  be  the  total  respective  resist- 
ances of  the  four  arms.  If  one  or  more  of  these  consists  of  a  conductor 
resistance   with  an  . 

\' 


an 
unknown  contact 
or  leading-in  resist- 
ance of  about  equal 
or  greater  value, 
the  equation, though 
still  true,  cannot 
be  used  for  calcula- 
tions, as  the  indi- 
vidual terms  involve 
unknownquantities. 
The  Carey  Foster 
method     already 


fit-  74}-— I'l"  Kelvin  Double  Bridge. 

mentioned  {see  page  740)  gets  over  the  difficulty  in  most  cases  by  taking 
double  readings  on  the  slide  wire,  the  positions  of  test  and  standard  or 
comparison  resistance  being  interchanged  for  the  second  reading.  With 
very  low  resistances,  however,  even  this  method  must  be  very  carefully 

applied.  i  t'  .  ■ 

Kelvin  Double  Bridge.— An  earlier  method  projwsed  by  Lord  Kelvin 
eliminates  the  effect  of  contact  resistances  iii  another  way.  The  arrange- 
ment is  shown  diagrammatically  in  Fig.  745.  in  which  x,  the  resistance  to 
De  measured,  and  the  standard  resistance  R.  with  which  it  is  to  be  com- 
pared, are  represented  as  thick  bars.  These  bars  are  connected  in  series 
by  the  coupling  q,  whose  resistance,  though  very  small,  may  be  comparable 
with  that  of  R  or  x.  In  order  to  eliminate  the  influence  of  the  electrodes 
by  which  the  current  enters  and  leaves,  the  resistan<i-s  of  the  whole  of  the 
two  bars  are  not  compared,  but  only  the  resistance  between  the  points  c 
and  D  in  X  with  that  between  .1  and  b  in  k.  At  these  four  i)f>ints,  \.  u,  c, 
and  D,  branch  circuits,  Ar,Mr«i),  and  Br.Nr.c.  are  led  off  containing  the 
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The  mathematkal  ccnd.tion  to  be  satishcd  m  tins  ca>e  ,.  :- 
Tl.is  reduces  to  tl.c  m.Kli  -uuplor  cund.tion 


x 


(2) 


if  either— 


</  =  o     (i.). 


(ir 


(ii.) 


Fia  T46.-K<lvin  T)i  iWp  BrtdP^  <SHd ' 
Wire  I'ati.rn). 


■  4 

ne«..  0.)...  *-. «""n':,r^? ',;!'"  ;i:;c:^tr:«-s 

point  of  no  rt.ibtance.  ^  ^^^^^   ^^^   ^^  ^^^^  ^^^^^^^^  r,'sis/rtmv,  and.  if 

satisfied,  e.iuation  (2)  will  hold  whatever 
be  the  value  of  this  contact  resistance 

A  wire  bridge,  as  designed  and  maile 
by  Messrs.  Siemens  Hros.  fcr  carrying 
out  this  test,  is  shown  in  Fig.  746-  It  is 
intended  to  mea  -ure  resistances  from  one- 
tenth  of  an  ohm  down  to  one-milhontli 
(one  microhm).  A  still  more  elaborate 
arrangement  made  by  the  same  firm  is 
shown    in    Fig.   747-    the    range    being 

Jhe  Ian   maikod   w     the   test   resistance   being   placed  in  the  Rap  u,.     r 
745    but  is  electrically  equivalent,     ^.e  box  can  al.o  be  )oi  lul 

'T:*  "SSS^r'^^'i,  „.  „*,..,.  „,eu„„i  .^^  ^;-;; 


,1//;-)  WA'/^  "A.\  . 
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plnro  of  the  cIih  troiiutiT  1\  .iiiM  in  tint  .  ,im-  i\\yc  inii-t  t>o  takiii  tliat  flu- 
••.iiimit  tapped  otf  by  tin-  Kiilvaiiomct.  r  doi-,  n.n  intiifiT.-  with  tlii'  ac  .uracv 
of  the  test. 

Diffi-rcntiiil  r„ilv<vwm,l,r  Method.  l\w  al)<)v.'  mctlKui  an  W.  moditit'd 
Ijy  tisiiiK  a  sptH-ially  dcsigiu'd  differential  s,ahuiitometer  ,ind  r.oimectinR  its 
two  circuits  to  a  fc  and  c  (i  respectively.  In  this  caM>,  however,  one  of  the 
four  contacts  must  be  adjustable  or  one  of  the  circuits  of  the  galvanometer 
must  be  arranj^ed  to  have  its  resistance  varied  in  a  known  way. 

Ammeter    and    Voltmeter    Method.    -Ww   m<^st    satisfactory    ni.'tliod   for 
measuring  low   re>istances,  if   the  conditions  permit,  is  that   whic'-   takes 
advantage  of  the  tun- 
d.iinental  detinition  of 
electrical        resistance 
(•iee  pa,';e  i8j),  as  the 
ratio  between  the  steady 
eleetrical    pressure,   or 
r.D.,    and    ttu-    steady 
current  which    it   pro- 
duces in  thecondiutor 
to  which  it  is  applied. 
The     necessary     con- 
dition -  is     that     the 
11  inductor      shall      be 
c;>|)able    of     carrying;, 
without  l)ein};  sensil)ly 
heated,    a    current 
which  can  be  measured 
in    absolute     measure 

(r.ff.  in  amperes),  and  is  stifticicntly  larne  to  re-iune  a  r.l).  which 
also  be  measured  absolutely  (e.g.  in  volts  or  millivolts). 
conductr.r  become  heate.l  by  the  necessary  testing  current.  Us  rcMstaiicc 
will  thereby  be  chanKc.l  and  the  test  will  either  hv  vitiated  ur  wiU  require 
the  temperature  of  the  conductor  to  be  measured  in  "ider  that  the  result:, 
may  be  accurately  interpreted.  One  advantage  ..f  bridge  methods  is  that 
the"  t.stiiiR  currents  used  are,  ^s  a  rule,  so  small  that  they  do  not  .ensibly 
alfit  t  the  resistances  employed. 

This  ammeter  and  voltmeter  m.thod,  as  it  is  called,  h  shown  dia-iam 
matically  in  I'i:,'.  748.  A  battery  B,  which  may  conveinentlv  be  a  secondary 
battery,  supplies  the  current  and  is  joined  thiougU  the  switch  s  in  sHics 
with  the  resistance  x  (sav  a  dynamo  armature  or  ..th.^r  low  iesistar.ee) 
which  is  to  be  measured  and  a  i^alvannnieter  or  amnuler  \.  whose  readings 
give  the  current  in  amperes.     Aauss  the  points  a  and  h  the  elecln<:al  extremi- 
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can 
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yjo  Electkicity  is  tub  Service  op  Mas. 


as 


read.    The  resistance      ^j 
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be  not  fulfilled,  it  may  still  be 
possible  to  use  the  method  provided 
that  allowance  is  made  for  the 
current  on  a  K  v  h.  This  can  readily 
be  done  if  the  resistance  of  the 
shunt  circuit  be  known. 

Other  Me/Aois.  — Professor 
Viriamu  Jones,  of  Cardiff,  worked 
out  a  modification,  adapted 
to  ordinary  laboratory  work,  of 
Lnrenz's  method  for  the  deter-nna- 
tion  of  the  value  of  a  resistance  in 
:.      .Q   a    velocity   in   centimetres  per  second.     This 

its  description  would  lead  us  too  far. 

,V  —RESISTANCES  OF  MATERIALS. 

It  is  next  proposed  to  deal  with  some  of  the  most  important  results  of 
,e  measurements  of  the  resistances  of  various  materials.    From  what  has 
b  en~rsaid  it  will  have  been  gathered  that  the  electrical  resistance  o 
a  conductor  is  a  distinct  physical  property  of  the  matenal  of  f^^^^ 

resistance  depends  ^^         ^^^  numerical  value  of  the 

Sta'l  propetv  ol^l^'c  ricai  resistance  of  different  materials,  the  results 
^^a    ual  mS  u' ements  must  be  reduced  to  a  standard  sue     NVe  thu 
a  ritra    That  has  been  already  defined  as  the   .pc»^c  '«f ''"^  °j  ^^^ 
material   which  is  simply  the  resistance  of  a  piece  one  urn    long  and  one 
Tuare  unit  in  sectional  area.    The  pr.KCss  ,s  analogous  to  that  W  ^hich 
n  ore  e    to  compare  the  densities  of  materials,  we  reduce  the  weights  o 
actualpieces  of  various  sizes  all  to  one  standard  size,  namely,  the  umt  of 
volume. 


Aes/STAMES  of   AfATEK/AlS. 


7?> 


Early  rxp«>rin«ntcrs  not  Jiavinj?  an  al>s<>lute  unit  «>f  resistanco,  univer- 
sally recognised,  like  the  ohm,  in  which  to  express  their  results,  had  to  l)e 
(ontent  to  give  tables  of  the  relative  resistances  of  the  various  materials, 
some  jiarticular  material  being  taken  as  the  standard  of  reference.  This 
method  is  similar  to  that  by  which  densities  are  tabulated  relative  to  the 
density  of  water  as  the  unit,  the  densities  then  being  knowi  is  the  specific 
gravities.  In  the  electrical  ca:^  silver,  copper,  platinum,  and  other  materials 
have  been  from  time  to  time  selected  as  the  standard  materials,  and  fal)Us 
of  resistances  relative  to  one  or  other  of  these  will  be  found  in  the  earlier 
etlitions  o!   this  bo<ik. 

Speciric  Resistances.— Instead  of  such  tables  It  will  be  more  con- 
venient for  reference  to  give  here  the  specific  resistances  of  various  materials 
expressed  in  ohms,  and  accordingly  such  specific  resistances  are  set  forth 
in  Table  IV.  When  the  centimetre  is  taken  as  the  unit  length,  as  it  is  in 
the  international  c.g.s.  (centimetre,  gramme,  second)  system  of  units, 
the  specific  resistance  of  gootl  conductors  is  too  small  to  be  written  con- 
veniently in  ohms.  In  these  cases  the  table  gives  the  results  of  experiments 
in  terms  of  the  microhm  (or  little  ohm),  which  is  the  one-millionth  part  of 
an  ohm.  On  the  other  hand,  when  we  are  dealing  with  insulators,  the  ohm 
itself  is  too  small  a  unit  for  convenience,  and  the  results  are  given  in  tcnr.s 
of  the  megohm  (or  ^reat  ohm),  which  is  one  million  ohms,  and  is  used 
instead  of  the  ohm  whenever  high  resistances  are  being  dealt  with. 


Table  IV.— Resistances  or  Materials. 


Material. 


Silver  (annealed) 
<"op|)cr  (annealed) 
Copper  (hard  drawn)  ... 
Cold  (hard  drawn)      ... 
Aluminium  (annealed)... 
.Muminium  (hard  drawn) 

Zinc        

Iron  (annealed) 

Platinum  (hard  drawn 

Nickel  (annealed) 

Zinc  (annealed) 

Till  (pressed)     

Tantalum 

l.e.id  (pressed) 

Antimony  (pressed)      ... 

Mercury  

Hismu  h  (annealed)     ... 

Bismuth  (compressed)... 


Resistance  of  one  cm.  lenRth. 
one  square  cm.  in  section.it 
o"  C.  (except  when  otherwise 
staled). 

iSflcific  rtiislancr.) 


I  561 

1  647 
2195 

2  665 

3  160 

575' 
9065 

10917 

12  4 

,3-,..,8 

lt)0 

203 

35  » 

94  070 

loS 


microhms 


Resistance  of 

one  font 

Tem|>etati:re 

length,    one  square  1 
inch  in  cross  section  | 

variation 

(Values  of). 

ato'  C. 

S«page75v) 

. 

j 

6  00  m' 

crohms 

+     -0040 

7-37 

— 

""43 

7-7« 

— 

0039 

1035 

— 

0038 

■  i'SO 

— 

0044 

1492 

-- 

•orj9 

i7-45 

— 

0041 

428s 

— 

•0063 

51-6 

— 

•""37 

■       586 

— 

■0037 

6175 

— 

•0044 

6306 

— 

•0036 

75-6 

— 

•oOiO 

1       <j6o 

— 

0041 

1     1662 

_-. 

1 

1     445 

— 

•(HXJI 

'     5" 

— 

j    627-5 

0054 

75* 


i1  I 

<    s 

!  1 


Ei.EtiKrciry  is  the  Seki'/cs  of  A/a.v. 
Table  IV.  — Rksistancrs  ok  Matekim  s     KoNliniud). 


Material 


KiMst.ince  nf  one  cm.  I<  nut^i, 
onr  square  cm.  in  section  .it 
o'^  C  (excei'l  when  otherw  isc 
vlatC'll. 

ISff.iOr  rfiM'iimt.) 


2  E 


I'hosphor  bronze 

(ierraan  silver 

Nickelin  

I  latiDOid  

Manganin  

Constantan       

Eureka 

Iron  with  i2j  manganese 


Carbon  arc  liRht 
Carbon  rIow  lamp 
Carbon,  graphite 


Water  with  35JI  HjSo, 
Common  salt  (saturated) 

Nitric  acid         _ 

Copper  sulphate  at  lo^C 

(saturated)     

Zinc  sulphate  at  lo"  C. 

(saturated)     


Water  (ordinary  distilled) 
(more    carrfiillv 
purified) 

Taper  (ordinary) 
Taper  i  parchment) 
Glass(Bohemian  at  OooC 

Mica  at  20"  C 

C;utta-percha  at  2|°C.... 
Shellac  at  2S°  C, 
India-rubber  at  24''  C. 
Glass  (flint)  at  2o*  C.  ... 
Kbonite  at  46°  C. 
Taraffin  waxat^6''C.    .. 


S  48  microhms 

29-98  - 

40  62  — 

4173  — 

3O62  — 

47 '05  — 

4740  — 

67-15 


?,8oo  to  7,600  microhms 

4,000 
J  j.ooo  to  42,000      — 


1325  ohms 
»■)  — 

203        — 

337       — 

50  — 


■;2  met;olinis 
(.770       — 


425  : 

^\ 

450 

') 

-O 
2S 

34 


10" 
10" 


R.  -.islaucc  of  cine  (not 
lniKih.  one  5<iu.ire' 
intti  in  croas  section 
at  o»  L. 


40'03  microhms 

141  5  — 

I'Jf?  — 

197-1  — 

173  — 

222  — 

224  — 

317  — 


17,950  to  35.900 
iS,8So 
loS.Gooto  19S.000 


I'emperatura 
vaTiatioii 
(Valufs  of) 

S«^lage7^^) 


+  0006 
-00027 
-00021 
-(XK>3I 
-0000175 
—000012 
4-  1100048 
-00127 


— -0005 


62-6  ohms 

652 
13S-2         — 

1.50  — 

2(0  - 


^40  meRohms 

(2,000 


—  from 
•005  to  02 


Negative 


5,0  10  megohms 
30,000        — 


14.160  megohms 
1 4 1 ,600 
202 
397 
i'25 

425 

5i« 

94 '1 
13-! 
160  5 


10 

ic" 

III*' 

lo« 

111" 

lO*^ 

11. « 

10" 


Negative 
anil 
large 


In  the  above  table  the  third  cohmin  gives  the  .pec.fic  resistances  in 
centimetre  measure  oi  the  materials  named  in  the  second  colunm  under 
the  phvsical  ec.nditions  specilied.  The  centimetre,  however,  is  not  a  familiar 
unit  in  these  islands,  and  theref.ire  in  the  fourth  column  the  resistances 
have  been  re-calculated  for  dimensions  with  which  KiikIisIi  readers  will  be 
more  familiar,  nantely,  for  a  length  of  one  foot  and  for  a  cross  sect.on  of 

,        ■>.     i.:.!;^;-   /'^    ^~    »     Foi  convenience  the 

one  square  men. 


rhe  uiulliplicr  i5  47-  (-  ,'3^-    ^'''''  convenience 


Resistances  of  AtATt rials. 
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various  materials  have  In-en  ^touih-.!  intu  (./)  purr  ni.t..ls,  (/-)  alluys. 
ic)  carlmn,  (d)  tlfctrolvtis,  and  (.)  iii-..lat..r>.  Tlu-  l..t  is  lar  Imn,  Ixuik 
exhaustive,  but  it  embraces  most  of  the  mateiials  ni  .onmiun  u^e  tor 
electrical  pur|><)ses. 

A  few  Rei.eral  remarks  may  1«  nia.le.    Tlie  must  slnkn.K  cl.aract.r.s.c 
of  the  numbers  set  forth  iu  cohunns  3  and  4  is  the  enormous  rang.'  m  tu^ 
resistances  dealt  with.     Leaving  out  of  the  eompanson  the  •   i-ra.tK-alK 
infmite "    resistance  of   dry   a.r   (not    mi.l.r   the    nithuncv    of   iomzatxon. 
see  page  704),  to  which  no  numerical  value  is  assigned,  tlu-  ratio  ol  tlic 
highest  resistance  in  the  table  (that  of  gutta  p- id.a)  to  the  Imust  (mIv.v; 
would  rcciuire  a  numl«r  containing  21  digits  to  express  it.     Ihis  nuinl.er 
is  far  in   e.xcess  of   the   numlx-rs  used   even   by  astronomers  to  e.xpress 
the  great  distances  comprise.1  within  the  linuts  of  the  solar  system,  and  is 
more  of  the  order  of  the  numbers  used  for  stellar  distances.     Notwith- 
standing this  range,  the  numbers  given  are  the  roultsof  actual  ineaMirements. 
the  methods  of  which  have  been  briefly  explained,  except  »i  the  case  o|  the 
measurement  of  the  very  highest  resistances  of  insulators,  the  ,U-,cnplion 
of  which  would  carry  us  too  far.  ,1 

The  various  sections  of  the  table  are  in  increasing  order  of  magnituile. 
except  in  the  case  of  the  first  two  sections,  where  there  is  some  overlapping. 
In  the  other  cases  the  gap  between  the  lowest  resistance  in  one  section  and 
the  highest  in  the  preceding  section  is  clearly  marked,  and  is  usually  a 

wide  one. 

Alloys.— It  is  curious  to  note  that  the  resistance  of  an  alloy,  as  a  nile, 
appears  to  have  httle  or  no  relation  to  the  resistances  of  the  nietals  of 
which  it  is  composed.  In  fact,  it  not  infrequently  happens  that  the  specilic 
resistance  of  the  compound  is  higher  tlian  the  resistance  of  the  wor^t  con- 
ductor which  enters  into  its  comiwsition.  Thus  21  17  microhms,  the 
resistance  of  German  silver,  an  alloy  of  copper,  nickel  nd  zinc,  is  much  higher 
than  i2-2()  microhms,  the  resistance  of  nickel,  the  worst  conductor  ot  the 
three.  We  have,  therefore,  the  paradoxical  result  that  alloying  nickel 
with  better  conductors  than  itself  makes  the  product  a  much  worse 
conductor.  Similarly  small  traces  of  impurities  in  the  metals  hav.'  been 
found  to  affect  the  resistance  to  an  extent  out  of  all  proportion  to  the 
quantity  of  the  impurity  present. 

Electrolytes. ~lhe  specific  resistances  of  a  few  electrohtic  solutions 
used  in  batteries  are  given  in  the  table;  the  figures  relat,-  t..  li(iuid> 
with  definite  degrees  of  concentration.  The  resistance,  a-;  might  be 
expected,  varies  with  the  concentration,  and  the  following  table  calculated 
from  results  given  bv  Wiedemann  shows  how  great  this  inllMeiue  is  in 
the  important  case  of  solutions  of  I'.iffeieiit  pnxent.igrb  of  sulphuric 
acid  in  w  ater  : — 
48 
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1^1 


37  ^ramires 

II  42 

45-84        .. 

74«3        ■• 

[  i»J'/' 


^•lo  ohms. 

2  JJ  •• 

I   21 

•72  .. 

•66  .. 

•S<<)  ., 
4M»       .. 


The  behaviour  of  sulphur  c  acu  .  ^^  -.^,^:;reoncent,^tion. 
certain  point  the  resistance  .J'«"'">^''^^;^;'ir further  concentration, 
but  beyond  this  point  --^"^.^^^^jj.e  diminishes  as  the  anrount 
With  sohitions  of  common  salt  the  rtsisuu 

of  salt  increases.  r.sistancc  is  strikingly  shown 

Water.--n^c  effect  of  .mpuntu>s  '>^^^'^'^,,,^,.^ ,,,,  u,r  .>rdm:^ry 

i„  the  case  <.t  water     Two  val-s  -^  .  n    n  ^^^^         ^^^.    ^^^  ^^,^^^^,^j  ^^ 

.Ustilled  water,  w Inch  \-  ";;:;;^,;''I*^  ,,'.,,. \.arefnlly  purihed.  The 
pure,  and  Uie  other  for  \^*;  ."\.^,,„.  j,  „^  times  the  former.  In 
lufterence  is  very  ?-;;^■^^:tr.n^;^>•e'!i.her  does  its  re^stanc. 
fact,  the  more  carefully  thi.  uaur      1  ^^.^^^.,  ,f  ,t  could 

Hse;    hence  t'- prol-abk.  hj' ^us^  that  .d^^  .^    ^^  ,^^., 

be  procured,  would  be  i<'""'l  "  ?J  f  P^  ^^  .  ^o  detect  the  difference 
an  infinite  resistance,  ^^f^^-r  on",  which  has  been  distilled  in 
,,etweeu  two  samples  of  « '^  »^*'  ^^  '\;  ,_^,i„„^  vessels.  «y  chemical 
ordinary  glass  vessels  and  ^''^^^^  »;\J  '™^and  therefore  the  electrical 
tests  both  specimens  would  appear   qualb     "J^  J  ^^^^-^^^  ,„e. 

tests,  as  we  might  expect,  are  ^^ ^'^^f!^  ,,,th  insulators,  and  a 
J«s«/«/c,rs.-The  last  section  of  »  ^^J'^^    '       ^  i,,j„  svith  the 

glance  at  the  Ust  ^J^  ^--;'^::::^^,J:Uu:h:  the  cJ^osU.on  of  which 
,xception  of  m.ca  is  a  ''  e^'y  7";  j^^^^,  jhe  numbers  given  must 
may  vary  greatly  m  ^^•«^■''"^ 'P\'''"'"f-„,,.  ,orrect  for  the  particular 
therefore  1.  reganled  -  ^™!;,  ^'^,:;',:^^;lever,  bi  regarded 
material  used  m  the  actua^'xpumut  >        >       ^„,ffi,i,nt   is   large, 

of  the  resistance.     Thus: 


and 


conductivity  =  t^:;;;:;^^^, 

T 

specific  conductivity  =  ^^^tV,'  ieslst 


ance 
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or,  in  symbols, 


To  calculate  the  coiuluctivity  of  ii  uiiifoiin  wirr  fmin  tlit;  sjx.  ilic  run 
tluctivitv  ami  tlif  (11moii>iuiis  ««•  luiVc.  bv  cnmbiiiin^  tin'  abovf  t(|itati(iii^ 


with  the  etiuation  on  jtai^c  ICS4.  the  loiniula  : 

...  A 

COIl<hKtlVltV=:  K    >.  -T 

wh«!re  /  is  the  h^npth  ami  .\  the  cr(»s  sceiiniial  area. 

L(jnl  Kelvin  sngf.;este(l  thai  the  tniit  ot  comlnctivitv  n^id  in  the--e 
eiinations  should  be  callet'.  the  MhO  (i.<'.  oiiin,  sji.  it  liaekwaid-),  but  the 
name  has  not  come  into  very  ^i-'neial  nse. 

InfluenCfi  of  Temperature. — We  have  left  to  the  la■^t  the  consideration 
of  this  very  impiiiant  lactor,  tin-  ntnnerital  effect  of  whii  h  is  given  in 
the  last  colnnm  ot  the  table.  The  ellect  (  f  temperature  upon  the  resistante 
of  conductors  does  not  admit  of  exact  mathematical  expression  ;  but  for 
ordinary  purposes,  when  tin-  lanije  is  not  very  K"''it  it  may  be  represt'ntei! 
by  the  foUowini;  simple  ei|nation  :— 

K,  =  K„(I  ±a/.) 

where  R,  and  K„  are  the  resistances  at  o  C.  ami  /  T.  resperfively,  and 
a  is  the  coelhcient  i^iven  in  the  last  column  of  the  table  on  p.iges  751  and 
752.  The  +  sifinis  to  be  used  wlien  the  resistance  increases  with  the  riser,' 
tenij)eraturo  and  the  —  si|.;n  when  the  resistance  decreases  as  the  tempera- 
tine  rises.  The  sign  appropriate  to  each  particular  case  is  gixcii  in  the  table. 
It  is  worthy  of  note  that  the  resistance  of  metals  and  alloys  as  a  rule 
iiureaacs  with  the  temperature,  whilst  the  resistance  of  1  arboii,  electrolytes 
and  insulators  diminishes  with  rise  of  temi)erature. 

As  a  metal  with  a  ne.gativo  temperature  coellicient  would  bj  very  useful 
in  certain  ])ractical  applications,  electricians  for  many  years  endeavoured 
to  m;ike  an  alloy  whose  resistance  sIkjuUI  diminish  as  the  temperature  rose. 
The  first  successful  outcome  ol  these  ex|)ernnrnts  was  an  alloy  ralh^fl 
"  Mauganin  "  produced  at  the  Reichenstalt  in  Herlin,  and  consisting  of  S4 
per  cent,  of  copper,  12  per  cent,  of  manganese,  and  4  per  cent,  of  nickel. 
rh<^  effect  of  temperature  on  the  resistaTict'  of  this  alloy  is  very  str.al' 
indeed.  From  o',C.  to  .;o '  C.  the  effect  is  jiositive.  whil  t  from  .jo'C.  to 
60°  C.  it  is  negative,  .llore  recent  examples  are  mentioned  in  the  table, 
tugethc"  with  the  value  of  the  temperature  coetVuieiit. 

A  remarkable  series  of  experiments  on  the  efiect  of  very  low  tempera 
tures    on    electrical    resistance    were    published    a    few    Ntars    ago    by 
Professors  Dewar  and  b'lennng,  to  the  former  n|  wlmni  we  owe  so  much 
fur  his  e.xperiments  on  lifjuid  air.     I'-iiig  the  v.  ly  !"W  tinip.erat\n-es  obtain- 
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a,.le   with    .hi,  intensely   refrigerating   -'-♦--•^;;;%,;nj::;r;::'„,:I;: 
changes  which  .Kcur  in  the  res.stance  of  v--  -Unals  .1  JJ^^^^^^^^ 

,H,ii.t..t  wat.r.    The  ivMills  arc 
KPapiiically     .l-im  te<l     in    tlu- 
lurni  of    cnrv«s    in    I'iK-    74')' 
in  whirh  th»-  liin|.eralures  aie 
plotted    horizontally   ami    the 
resis.tances     vertically.       The 
(lii.iinution  of  resistance  with 
faU  (j1  temperature  is  seen  to 
continu.-    for   a   l-ng  distance 
below  o°  C,  so  much  so  that 
at  -200"  C.  the  resistance  of 
copjx-r  is  only  ?  of  its  resistance 

at    the   fretziiiu    !>*''"*•     ''    '^ 
cunous  also  that  at  this  tem- 
perature   copper    is    a    Vx-tter 
conductor      than    silver.      A 
temperature    273°    below   the 
freezing  temperature  is  known 
as  the  zero  of  what  is  <  ailed 
the  absolute  scale  of  temi>era- 
tnre      and     Professor     Dewar 
pointed  out  that  if   the  alxAt- 
diminution   were    to   continue 
unchanged  down  to  this  tem- 
perature many  ol    the   metals 
would  cease  to  have  any  resist- 
ance at  all,  and  would  become 
perfect  conductors.    There  arc. 
however,  reasons  *  -:  supp<^sin(,' 
that  before  this  very  low  tem- 
perature is  reached  some  pro- 
found phvsical  change  might 
occur    wliich, would    interfere 
to    prevent    this    remarkable 
result    being    attained.       The 
«no=    -^bO°"  -/0O°       0        */00''  ^°  whole    investigation  IS   fnU  ol 

r,,  -,r..c.  o^^,np...U.e  on  Re...Ke.  interest  f  H.m  the  poUl     of  VlCW 

0,  eC;t^a    theory,  and  well  illustrates  the  snciilific  im,>^t:nice  .f  making 
;IS  me.surem'ents  at  the  lowest  temp<.r.tu.es  att,.nabU.. 


I 
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Tim  ni.ifjv  stnrnl  in   Hif  .  Itttroslalic   ti.l.l  in   the  mMKhlv.iirh.«Ml  ol 
iliarKiil  ImlIus  aiul  of  ciulurtors  rarryinK   .leitrif   rurri'iil-.   and,   more 
»Nl>ecially.  the  variations  of  tliis  energy,  play  >urli  an  imix.rtant  |>art  in 
manv  <>f  the  ai)j>liiatic.>i-  <if  electricity  that  (luantilative  measurements  in 
r.nnecti.  n  with  it  are  ..ls..lutelv  essnli*'.     At  paps  u«)  t<.  127  this  par 
tinilar  nuthod  <•(  5lt>  inn  omrgy  .lectricallv  has  1>  en  dealt  with  and  the 
plenuiitary    theory    dt  veioped  ;     reference    has    also    been    made    to    the 
ipparatns.  I.evilen  jars  an<l  condens«'rs.  by  which  siirli  cnernv  can  Iw  nm- 
centrated  and  hronnht  under  control  so  that   its  il.cfiical   characleiistics 
can  be  utilised  or  made  available.     Three  e<piations,  (c,),  {( ,)  and  (( ,).  (or 
the  enerny  arc-  Riven  on  pane  124.  and  it  will  Im>  noticed  that  m  tin-  two 
last  of  these  there  mHurs  the  symlH>l  k,  denoting  the  so-called  capacity  of 
the  condenser.  whi<li  will  be  fountl  delincd   on  pa^e   115.     It  is  with  the 
measurement  of  this  ((nantity  that  this  section  is  concerned. 

It  will  be  observed  {sec  pafje  122)  that  the  capacity  of  a  condenser  can 
be  calculated  if  certain  physical  and  Reonietrical  quantities  are  kn<.wn. 
but  in  practice  it  is  more  ditticult,  in  most  cases,  to  ascertain  these  (jnantities 
than  to  make  a  direct  measuren;;>nt  of  the  capacity  itself,  or.  simpler  still, 
to  ascertain  the  capa<  ity  by  comparison  with  that  of  a  standard  condenser. 
In  such  measurements  or  comparisons  use  is  made  of  the  fmidamental 
cpiation  connecting  y  the  charge,  v  the  potential  differc-re  of  the  cliarRcd 
conductors,  and  K  the  cajMcity.    This  e(|uation  is  :— 

Q    =    KV  (1) 

the  practical  units  involved  Ix-iiin  (v.v  paf^e  12.5)  Kiv.n  by  the  e(|ua».on  :— 
Micro-roulnmhs  =  microfarads  x  lultx  (2) 

Comparison  with  a  Known  Capacity.    The  simplest  method  is  to 

compare  tlir  iliaiges  of  two  condensers  b<Jth  charged  to  the  same  I'.D.  ; 
(or  we  have  from  (i) 

K,  K, 

and  therefore 

K.    =    K,    ^- 

where  the  sub-script  Utters  ,  and  ,  refer  to  the  tested  and 
condenser  resju'ctively. 

The  ratio  of  the  charges  y,  and  g,  can  be  readily  ascertaii.ed  by 
cliaiging  or  discharging  the  condensers  through  a  Inillislij  s.iilvanometcr  (see 
papc  722).  The  connections  for  such  a  test  are  given  diagrammatically 
in  Fi''.  750.     The  standard  coTidenser  s  is  similar  to  that  shown  in  Fig.  106, 


(3) 

(4) 
the  standard 


?^ffe: 


I't'ssr^' 


n  1 
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.  of  .at...   fron.  winch  Hs  t-'  :-;;;,^';;;^^,'^J^fL,..,,a  surface 
,„,,a  ol^  these  en.ls  expoHU.    '^  '--^j^;'^^^,     -f,,  eonducti„K  plates 
,.f  the  insulating  material  is  %eiy  carctuUv  clcanc 
of  this  cable  condenser  are  the  inner  conductor  and  tlu  ^^=^      ;;'"'' 


r,..  ;5o._Co,.,parison  of  tl..   CaiMCtic.  of  Two  Coi.Jeo,cr». 

i.  connected  to  the  movable  tongue  of  the  highly  hiMilated  key  K.     Finally 
Uie  lo"  er  contact  /  of  the  key  is  joined  to  tlu^  pole  P  ana  the  upper  contact  « 

^^"  ^hji:di.it;t;;;?tr:s  the  gap .  of . ...  -.^^  .^ey . 

TIM   rl.arL.o,  Ilia  slaiiclard  coiidoiisct  llit.msli  B  C  Hie  l"""  I'*.'  <>'  ™  "f' 
;  '    'S:,c',  i,  .o  He  noted.    W.icn  the  s,„t  of  .igli.  ;■-;-»;->„ 

.,age  72J)  with  this  throw  rf.  by  the  equatjn 

&  =  *  Sin  Y 


i'f 


A/rA-iUKe.vi-:.\T  c^  Cai-acity. 


IS''- 


Imt  for  the  ^mall  ani;!.'.  <.l  the  defloction  n(  .i  MM.>itivo  ..•tl.rtin^'  ;;a1vanomet.-i 
it  IS  approxniiatrlv  oMTort  t-  n.-^lei  t  the  .hfferome  l.rlw.rn  an  an^jle  and 
its  sine  and  to  u^e  tlie  Minphr  ciiuatiiMi 

Q.  =  ^'  - 
\hv  abuvp  oxiHrinu'nt>  an;  now  ivpeUid  on  th.'  lahle  cund.n-.T  with 
the  f;ap  .,  ot  tiie  tl.tr. -way  ^vvitdi  phiuj;..!  in^toad  ..f  tlie  ,t;ap  6.     It  tlic  deflec- 
tions, or  tluir  mean,  now  ul)tained  aro  </,.  we  have 


and  therefore  tniallv  !)}■  u^ing  e.iuation  (4)  above  :- 


K.    =    K    -^ 


(,^) 


To  make  snre  tliat   the  hattcrv  volt  ij^e,  whicli  has  h.en  a-um.d   to 

be  constant,  lias  not  chan.i;.^!  duriny   the  lc:,ts  the  expernneuts  with   the 

standard   should    be    rejuMled 

after  the  exiHinneiits  with  the 

cable,    and    the    d.thction    1/, 

should  be  reproduced. 

The   experiments  as  above 

described  appear  f.iirly  simple, 

but  several  practical  consi(h'ra- 

tions  have  to  be  l<epl   in  vk  w 

to  ensure  accurate  results. 

Insulation.     In    the    ln^,t 
place  |.;ood  insulation  t>si)ecially 

of  the  -1-"  end  of  the  battery 
and  the  apparatus  connectvd 
to  it  is  absolutelv  I'ssi'utial. 
Common  kevsan.ls^^  itches  will  not  do,  atul  nmch  iuKenuily  has  been  exercised 
in  devising "hiKh-insulation  apparatus  for  tlioe  aiul  similar  tests.  Inslea.l 
of  the  cftductiiiK  parts  (biiulmg  screws,  contacts,  etc.)  beiiiK  mounted,  as  is 
usual  lor  ordinary  w.rk,  on  a  thin  ebonite  base,  they  are  placed  at  the 
ton  of  ebonite  columns  which  are  themselves  mounted  on  the  orthnary 
base  Special  arranf,'ements  are  also  made  to  en>ure  that  m  the  niampu- 
lation  of  the  key  the  operator  does  not  -earth"  any  insulated  circuit  by 

contact  with  his  lingers.  ,..,„.,■,,        i      ■.  1 1 

A  modern  ••high-insulation"  key,  ma.le  bv  Mr.  K.  W .  Paul,  and  .suitable 
for  the  test  just  described,  and  for  more  complicated  tests,  is  shown  in 
Fig  751  The  kev  is,  in  tact,  a  doubl.'  krv,  au-l  for  our  present  purpose 
only  one  half  of  it  is  required.     The  upper  and  lower  contacts,  u  and  I  of 


Fie.  W  - 
A  HiRh  Ttwitaiion  Kej. 


,w 


m.  '^9kMk. 


Ml^J. 


fl^,  751.— Rymer-Jones'  High  Insulation  Key. 
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i;„   7...  an-  carried  by  the  ohumte  columns  v  and  L,  ^^■hich  are  substantial 

n  d/-  ,;  and  irv  securely  fastened  to  the  base.    Each  column  alsj,  carr.es  a 

,u  .  .^  ;  e      . .r  making  connection  to  the  contact,  etc.   The  movaWe  tongue 

S  i,lays  between  L  contact   and   its  binding  ^^ ^-;^^^^^ 

This    tongue    can 
be    depressed 
cither  by  pressing 
the  elKinite  finger 
stud  F  or  by  ro- 
tating an  ebonite 
cam  c  which  has 
three    positions — 
one  for  the  lower 
contact,    one    for 
the  upper,  and  one 
holding  the  tongue 
clear  of  each  con- 
tact and  therefore 

insulating  Uie  part  of  the  circuit  attached  to  the  binding  screw  M. 

\notlur  widely  used  but  different  pattern  of  key,  designed  by  Mr.  Kymer- 

lones   is  shown  in  Fig.  75^.  ^^  niade  by  the  In.lia  Rubber.  Gutta  Percha 

and  Telegraph  Works  Company,  Limited.     In  this  pattern  two  levers  with 

long  el)onite  handles,  one  of  which  is  tipped  with  iyory,  are  mounted  at 

the  top  of  stout  ebonite  columns  L  and  U.     These  leyers 

have  binding  screws  attached  to  their  metal  parts,  and 

take  the  jilace  of  the  upper  and  lower  contacts,  u  and 

/,  of  Fig'.  73"-  .         ,       , 

The  movable  tongue  of  the  otlier  pattern  is  replaced 

by  the  ti.xed  metal  piece  m,  mounted  with  its  binding 

screw  on  the  ebonite  column  M.    This  metal  piece  carries 

two  platiuuni  contacts,  each  of  which  can  be  touched 

by  one,  and    bv  one  only,  of  the  metal  fingers  of  the 

levers.     An  ebonite  cross  strut  is  attached  to  one  of  the 

liandles,    and    an  examination  of    the    key   will    show  \ 

that   this  ensures  that  the  two  fingers  11  and  /  cannot  ^.^  ^      „,,h  ,„„,aio„ 

simultaneously  be  in  contact  with  the  metal  piece  m.  hug  Switch. 

The  key  isbnnight  intocir.nit  as  shown  in  Fig.  750,  the  reference  letters 

in  the  two  figures  being  the  same. 

\nother  piece  of  apparatus  in  Fig.  75.?  also  reciuires  to  be  highly  msu- 
late.1  nameh-,  the  cliange  over  plug  switch  w.  This  is  accomplished  as  in 
the  keys  by  mounting  the  metal  parts  on  the  top  of  ebonite  columns,  as  shown 
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in  Fig.  753,  which  is  self-explanatory.  The  vertical  metal  extensions  round 
the  phiR  holes  are  safety  devices  to  prevent  the  central  pin  of  the  phiR. 
assisted  hy  the  leverage  of  the  long  columns,  pre  -mg  the  metal  plates  out 
of  position,  for  when  the  pluj;  is  pushed  home  the  outer  periphery  of  these 
extensions  presses  against  a  hollow  cylinder  guard  carried  on  the  Iwttom 
of  the  plug  which,  therefore,  takes  up  the  pressure.  It  should  be 
noticed  that  the  ebonite  handles  for  manipulating  the  plugs  are  ex- 
c.  ptionaily  long,  so  as  to  insulate  the  metal  parts  from  contact  with  the 
operator 

Lastly,  the  galvanometer  terminals  are  also  well  insulated  from  one 
another  so  as  to  prevent  leakage  from  one  terminal  to  anotlu-r.  and  to 
ensure,  as  far  as  possible,  that  in  the  impulsive  rush  of  current  the  whole 
charge  or  discharge  shall  pass  through  i\v  galvanometer  coils. 

Absorption.— The  other  difHculty  experienced  in  measuring  the  capacity 
of  condensers  with  solid  dielectrics  is  caused  by  the  phenomena  of  electric 
absorption,  which  have  been  referred  to  at  page  125.  The  effect  is  to  cause 
the  charge  readings  to  be  too  high  and  the  discharge  readings  to  be  t<io  low. 
For  moderate  accuracy  in  testing  mica  or  paraffined  paper  condensers 
tiic  mean  of  the  two  sets  of  readings  may  be  taken,  but  with  long  gutta- 
percha insulated  cables  the  phenomena  are  more  troublesome,  and  much 
ingenuity  has  been  expended  in  elaborating  tests  which  by  taking  time 
readings  and  in  other  ways  are  designed  to  eliminate  or  allow  for  the  effects 
of  absorption.  These  more  or  less  elaborate  methods  of  testing  are  beyond 
the  scope  of  this  section,  though  it  may  l)e  jiossible  to  devote  some  attention 
to  them  in  the  technological  section. 

Direct  Measurement  of  Capacity.— If  a  stamlard  condenser  be  not 
available  then,  still  using  a  ballistic  galvanometer,  the  deflections  produced 
bv  charges  and  discharges  are  obser\ed,  and  we  have  to  determine  the 
capacity  by  the  equation: 

Q.  =  K,  v  =  *  Sin  - 

If  the  ballistic  constant  (k)  of  the  galvanometer  and  the  voltage  of  the 
battery  were  known  the  problem  would  be  solved,  but  instead  of  determining 
these  it  is  usually  simpler  to  calibrate  the  galvanometer  by  means  of  a 
continuous  current  derived  from  the  same  battery  as  is  used  for  the  ballistic 
tests.  The  voltage  of  the  battery  need  not  then  be  determineil,  as  it  will 
cancel  out  from  the  final  equations,  as  the  continuous  current  will  be  a 
fun(  tion  of  this  voltage  and  the  resistances  on  circuit.  The  law  connecting 
a  steady  deflection  produced  l)y  a  continuous  current  and  the  ballistic 
throw  due  to  a  sudden  discharge  can  be  ascertained  from  the  theory  of 
the  galvanometer,  and  thus  the  lapacitv  of  the  condenser  can  be  calculated. 
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r.  .      ,1,7  ..f  iutroducinL'  a  c-rmtioii  for    '  dami'inK  "  (siv  page  724) 

tl...  niaguitiule   ot    tho  l.all.stic  thnnv.  b,.t   has  lu,  Hfcct   ..n    the   steady 

'"'our-rnothods  of  .nea.u..ng  capacity.  especiaUy  those  ^Xff^^ 
the  uso  of  alternate  currents,  will  nmre  conven.entlv  be  cunsulered  later 
Iswill  also  the  mcasurenrent  of  electr.c  power  and  caergy.  already  partly 
dealt  with  on  \)a(,'es  377  to  .^SC 


^ 
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CHAl'TKK    XX. 
ALTERNATE     CURREST    MEASUREMENTS. 

I. — KI.EMKNTARY     I'KINCiriHS. 

Thk  rapid  development  ot  llie  use  of  alleinate  currents,  both  mono  and 
poly-phase,  lor  engineerinj;  purposes,  has  rendered  necessary  the  elaboration 
of  systems  of  measurement,  and  the  design  of  the  necessary  instruments,  to 
enable  the  engineer  and  the  scientist  to  apply  to  allernale  current  circuits 
and  quantities  the  same  accuracy  of  measurement  which  tnany  years 
previously  so  powerfully  contributed  to  the  development  of  the  use  ol 
continuous  currents. 

The  accurate  measurement  of  alternate  currents  is  rendered  didicult 
by  the  rapidity  with  whicii  the  chanRcs  follow  one  another  even  with 
the  currents  of  low  [icriodicity  which  are  used  in  some  systems  of  power 
transmission.  The  lowest  periodicity  which  has  yet  been  used  cu  any 
extensive  scale  has  no  less  than  25  lomplcte  alternations  per  snond 
(25 'v),  but  in  experimental  work  periodicities  from  this  up  to  millions 
per  second  have  been  emiiioyed.  Taking,  however,  the  o.miiion 
periodicities  of  from  25  to  130  O.,  it  is  evidently  ii"t  an  easy 
matter  to  devise  an  instrument  which  shall  record  laithluUy,  and  with 
all  details  shown,  the  various  changes  in  the  value  of  the  current  even 
in  a  few  successive  alternations.  We  say  ircuni  advisedly,  because  even 
if  we  had  an  instrument  similar  to  the  mirror  galvanometer,  which 
would  cause  a  spot  of  light  to  move  over  a  sc.ile  so  as  to  indicate  the 
value  of  the  current  from  instant  to  instant,  the  Ir-nn  eve  would  be 
quite    unable    to    follow    the     movements        id     ti  the    siKcessive 

deflections     accurately.       The     disturbing     lactor,  from    the     "v 

possibility  of  writing  down  the  various  values  wii.  ...fficient  rapidii;, , 
arises  from  the  persistence  of  impressions  on  the  retina  which  physi- 
ologists say  lasts  about  one-eighth,  of  a  second.  With  a  periodicity 
of  25  t\i,  more  than  three  alternations  would  be  completed  in 
one-eighth  of  a  second,  and  thus  before  the  impression  of  the  first 
deflection  observed  had  died  away  the  impressions  due  to  the  second 
and  third  alternations  would  all  be  received.  The  result  would  be  a 
confused  blur,  in  which  no  individual  deflection,  except,  perhaps,  »he 
mean  values  of  the  extreme  ones,  could  possibly  be  distinguished. 
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To  such  a  state  of  perfection  has  modern  instrument-makiiiR  been 
carried  that  instruments,  known  as  "  OscillaK'raphs,"  have  been  constructed 
which  will  faithfuUy  follow  every  fluctuation  of  a  current  of  a  penod.city 
of  100  to  150  «U  or  more,  and  from  such  instruments  a  photographic  record 
of  a  few  successive  alternations  can  be  obtained.  It  is  even  possil)le  that 
they  may  be  modified  to  give  a  continuous  record  of  several  hundred  suc- 
cessive alternations.  The  deflections  can  also  be  projected  on  a  screen 
in  such  a  way  as  to  display  the  mean  shape  of  the  curve  (say.  such  curves 
as  are  illustrated  in  Fig.  514)  f'-r  many  successive  altcrnati.^ns. 

Much  has  been  done  during  the  last  few  years  towards  the  perfectmg 
of  such  instnmients  which,  besides  having  rendered  important  assistance 
in  research  work,  are  now  becoming  recognised  as  being  able  to  give  valuable 
information  to  central  station  engineers.  They  are  still  somewhat  dillicu  t 
to  adjust  and  keep  in  order,  but  with  further  improvements  in  details 
these  difficulties  will  tend  to  become  less.  It  will,  however,  be  more 
convenient  to   deal   first  with  instruments   more   suitable   for   everyday 

For  most  pui        ss  it  is  not  necessary    to   obtain   a   record    of  all    the 
chances  in  the  value   of   the   current   from   instant   to  instant  ;    we   need 
only  to  know   the  mean  values   either  of  the   current  itself,  or  of  s..,nc 
function   of  the   current.     The   actual   mean    of  the   values   of    a  cunc.u 
which  is  symmetrical  in  magnitude   and   shape  on   the   two  sules  of   the 
zero    line    is,   of    course,    zero,   for   every  +  value    on   one   side   will    be 
cancelled   by   an   equal  -  value  on  the   other   side.      We   can,  however 
speak   of  the   mean   value   of  either   the  +  or  -  loops,  and   can  regard 
it    as    being    obtained    by   drawing    a    sufficient    number    of    equidistant 
vertical    ordinate^.,    as     in     Fig.  754-    adding    all    the    lengths    of     these 
ordinates    together,  and    dividing    by  their    number.       The    curve  a  c  b 
in  this  figure   is   one  loop  extending  over  half  a  period  (i8o»)  of  a  sine 
curve    (J    page  540)1     The    mean    value    of    the    vertical    ordinates    .' 
0.635  f-il  i!  N  c  =  1  (Sine  90»).     Drawing   A  a,  an  ordinate   having  this 
value  on   the  scale  of  the  figure,  and  completing  tne   rectangle  a  «  in, 
we   obtain   a   figure   equal    in    area    to    the  space   acbn  '.,    enclosed    by 
the   curve   a  c  b  and   the   base  line  a  n  b.      If,   as    us..',  the    ordinates 
represent  the  values  of  the  current  at  successive  instants,  an   instrument 
that  would  indicate  the  mean  value  of  these  currents  would  give  a  deflection 
equal   to  the   deflection   produced   by  a  continuous  cur.cnt   of  the   value 
A  a    or  H  b.      In  other   words,  A  a  is  the   value   of  the   equivalent  simple 

continuous  current.  •       w  v. 

An  alternate  current  does  not  consist  of  loops  such  as  a  c  b  m  which 

the   values   are  all   +  or   all  -,  but   of  a   succession  of  -|-  and  -  loops 

rapidly   following    one    another.      An    ordinary    galvanometer,    which    u 
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deflected  in  opposite  directions  by  +  and  -  currents  wou  d  not  be 
deflected  at  all  by  a  true  alternate  current,  for  before  .t  would  be  able 
to  respond  to  an  in,pulse  in  the  +  direction  it  would  receive  an  equal 
impui^  in  the  -  direction  ^  This  is  because  t!e  per.od  of  the  ree 
sw  n«  of  the  suspended  apparatus  in  the  g»l^='"""'«--*f  ,"'*"">' „\''* 
the  "iMK-  of  several,  and  sometina-s  of  a  great  number  of  he  a"crnatKm» 
of  the  current.  Such  instruments  are  therefore  useless  tor  ascerta.mng 
the  mean  value  of  the  current  unless  the  latter  be  first  rectified  by  a 
synchronous    commutator,    in    which    case    it   ceases   to    be  an    alternate 

*'"'The  case,  however,  is  difl-erent  with  those  instruments  which  deflect 


Pig.  ,54— Mwn  V»1oe  of  the  SJnti  for  On«  Loop  of  »  "  Sine  Com.' 


in  the  same  direction  whatever  be  the  direction  of  the  current.  Any 
instrument  whose  deflections  are  proportional  to  the  sjuare  of  the 
cu-rcnt  fulfils  this  condition,  for  it  must  be  remembered  that  the 
square  of  a  —  quantity  is  always  +,  and  therefore  produces  a  s-milar 
edect   to   the   square   of  an    equal   +  quantity.  ^       .     o.  . 

Now  it  has  been  shown  in  detail  above  {sre  page  734)  that  the  Siemens 
F.leclro-dvnamomcter  fulfils  this  condition,  which  must  be  satisfied  in  all 
instruments  required  to  measure  accurately  alternate  currents  ;  and  there 
are  other  instruments  which  fulfil  it  approximately.  It  therefore  becomes 
imiiorl  mt  to  enquire  how  the  indications  of  such  instruments  are  to  be 
interpreted  when  the  readings  are  due  to  a  rapidly  alternating  current. 
If  the  law  of  the  instrument  be  that  the  deflections  are  strictly  pro- 
porti<Mr.il  to  the  square  of  the  curren%  then  the  deflection  produced 
will   indicate    the   mean  i,Huc  of  the  .^tunes  of  all  the  rapidly  changing 
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currents  that  are  passed  through  it.  Further,  .  the  instrument  hw 
been  calibrated  with  continuous  currents,  and  a  scale  of  amperes  marked 
on  it  the  scale  will  be  proportional  to  the  square  roots  of  the  deflections. 
Anv  fluctuating  current  value  read  upon  this  scale  will  be  the  value 
of  the  square  root  of  the  mean  value  of  the  squares  of  the  currents. 
This    is    frequently    referred    to    as    the    square    root    of    the     m^an 

sQuare.  or  as  the  root  mean  square  (r.  m.  s.).  ^^ 

Whit  is  the  relation  between  the   "square  root  of   the  mean   square 
and  the   "mean    value"   of  the  current?     It   is  quite   obvious  that   they 
a.e   not   the   same   thing-in   other  words,  that  the  mean   of  the  squares 
of  a   series   of  numbers   is   not   the    same    ..    the    square    of  the    mean. 


Fig.  ,-,-,._V»lu«  of  th.  "M^n  Sqa«.-  and  the  "Root  M«n  Square*  (Sin.  Cur«V 

For  consider,  as   a   simple   example,  the  first  seven   natural  numbers  and 

their  squares,  vi/.  :— 

I,  2,  3,    4,     S,     6,     7 
and     I,  4,  9,  1 6,  25,  36,  49- 

The  mean  value  ot  the  first  line  is  4,  whilst  the  mean  of  the  second 
Une  is  20,  whose  square  root  is  4-47,  which  is  appreciably  greater  than  4^ 
With  a  series  of  proper  fractions  and  their  squares  the  difference  would 
be  the  other  way.  It  is  also  obvious  that  the  ratio  of  the  two  quant.t.es 
will  -knend  on  the  law  of  formation  of  the  numbers,  that  is,  on  the 
curve  connecting  their  successive  values.  For  reasons  previously  g.ven 
(page   53'.)    we   shall   only    examine    the   case   where    the    current    curve 

follows   a   sine    law. 

I„  t-i..  7^?  the  curve  a  n  c  k  h  is  our  usual  s:ne  curve,  whilst  a  G  c  H  B 
,s   the   curve"  tor   the   squares  of  the   sines,   the   maximum   ordinate  N    C 
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in  each  case  being  =1.  It  is  clear  that  the  ordinates  of  the  latter 
curve  are  always  less  than  the  corresponding  ordinates  ot  the  luriner, 
except  at  the  points  a,  c,  and  B,  where  they  are  equal  to  one  ati"ther. 
The  mean  value  in  the  latter  case  must,  therefore,  In;  less  than  in  the 
former,  and  by  following  the  same  procedure  as  before  we  tind  it  to  he 
equal  to  J  (if  N  c  =  i).  a*  represents  this  ordinate,  and  a  i.v' B  the 
corresponding  rectangle  equal  in  area  to  the  figure  Aiii  hhna.  H 
we  take  the  square  root  of  A  s  we  obtain  the  ordinate  a  r,  wiiich 
represents  the  value  of  the  root  mfiiti  squiiw  of  the  sine  curve 
.VUCKH.  For  comparison  we  have  also  inserted  the  mean  value  a  >n  of 
the  sine  ordinates  as  previously  obtained. 

We    have,    therefore,    when    the    current    follows    the    sine    law,    the 
following  numerical  relations  : — 


(C) 
and  therefore        C 


=  0035 
=  0500 

,„,   =  0707 


C       -    -€ 


=    OmOO     X 
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or  the  actual  mean  value  of  the  current  will  be  10  per  cent.  less  than 
the  value  given  by  the  instruments  referred  to  above  if  the  Litter  tiave 
been  calibrated  by  using  steady  continuous  current^.  This  is  a  very 
important  .esult,  but  it  must  not  be  forgotten  that  it  is  only  strictly 
true  for  "  sine  law  "  currents  or  k.  m.  f.'s  and   "  square  law  "  instruments. 

II.— CITRRENT   MKASURKMKNT. 

instruments.— As  already  pointed  out,  the  Siemens  electro-dynamo- 
meter (page  733)  is  directly  available  without  modification  for  the 
measurement  of  alternate  currents,  provided  it  be  remembered  that,  as 
usually  calibrated,  the  current  measured  is  the  r.  m.  s.  current,  and  not 
the  mean  current.  The  Kelvin  current  balances,  described  at  I'age  734. 
are  also  available,  provided  the  readings  be  projicily  interpreted,  lor 
here  again  the  current  indicated  is  the  r.  m.  s.  cuircnt,  or,  as  it  is  often 
called,  the  virtual  current. 

In  addition  to  these  instruments,  which  accurately  measure  the  mem 
square  of  the  currents  passing  through  them,  we  have  tll<^^c  iii^irumeiils 
already  described,  in  which  the  moving  jiart  includes  a  small  quantity 
of  soft-iron,  which  for  continuous  currents  becomes  saturated  before  the 
deflection  reaches  the  scale  reading.  Such  are  ihe  "  Magnilving  Spring 
Ammeter"  (Kig.  316),  and  a  large  class  of  "Gravity"  ammeters,  <me 
of  \»hch  has  been  illustrated  and  described  at  page  351.  In  these 
instruments  the'  magnetism  of  the  soft-iron  needle  is  reversed  when  the 
current  in  the  conductor  reverses,  and  therefore  the  delle.tioii  is  in  tfic 
same  diiection   with  both  -|-   and   —   currents      Since,   however,   because 
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.  .he  ™a^e.c  p.openi«  oM.o.  ^^  ^  rriSv'tsi::;^ 

current  is  not  a  s.mple  one    as  '"  'Je  b.eme  ^^  ^^^^^^^^^  ^.^^^^^^^ 

the  instrument  should  be  ^'^^^^'fi^'^.^^^^,,,  s,.me  period.city  as  the 

Uble  or  scale  should   be   used  for  each   pe"odu:uy  ^^^  ^^^^^^.„^ 

One  precaution  is  essentially  ^^^^'^  '""'^^  '^^^  ^.^j  that  is,  not 
instrumc'nts  through  -^^-^thdltarnV  neighbourhood  of  the 
to  have  any  large  masses  of  *°'«\'"^'7 .'"  ^'^jj  have  set  up  in  them 
alternate  currents,  f '^'l  -^^Vlligcu  rents  in  the  conductors, 
"  eddv  "  currents  mduced  by  the   '^"'v'^^'nK  heating  the  metal, 

and  these  "eddy"  currents,  bes.des  perhaps  dang    ou^^  ^,^ 

would  react  on  the  or.g.pal  c""^"'*'  f/'^^J^'^"^  u  for  any  cause,  a 
Tffects  it  is  impossible  to  bnng  -'^-^^J"  po'ible  be  divfded  across 
mass  of  metal  must  be  so  P^^"^'  '^^^^^f^;  *  .^'t  down  the  latter  to  a 
the  paths  of  the  «ddy^"j;;*;  "JLd  that  the  main  parts  of  the 
negligible  magnitude.  ^^J^^yj^  °°;  „,  ^f  ^ood. 
Siemens  electro-dynamometer  (f>g.    7?2>  » 

lU —PRESSURE    MEASUREMENT. 

With  the  limitations' and  ^-tions  ^  fonh  a^v^^^^^  ^^PP^  ^ 
electr<.magnetic  ammeters,  :^^^^l^^:^ZJ^Z  coJ,^c.Uo.  is  not 
alternate-current  c'rcmts,  provided  an  add.tiona.^  instrument,  the  effects 
lost  sight  of.    This  arises  from  the  inductance  ott  ^^^^^^^^    ^^^^^^ 

of  which  are  similar  to  those  which   uprc^uc^^  _  ^^ 

circuits.      Thus  the  current  through  the    n.trument  ^     ^^^^^.^^ 

the  resistance  of  the  voltmeter  circuit    "-t  ^pon  'ts  imp^^^^  ,^^^^      ^^^ 

tl:lT^:tir^^l^^  -P"-    .^.,  .e    tange.    of  the 
current  ^^^^^^    depending    on    the 

anc-le  of  lag   being  (-—  {."'  Page  543^ 

angle  oi    ■-»  6     ^  .      , ,  u-  .«,H^  as  small  as  possible.     Now 

circuit  is  i,'  and  this  quantity  should  be  made  as  small  a    p 

«  ,  1    „» .   in  fact    we  have   seen  that   this   is  one   of 

it   is  easy  to  make  R  large ;  in  fact,  *e  riave  ^^  ^^^ 

of  the  order  of  .  length,  and  *'   ^'"""  ^/ ^"  „° ',.    i^   .uddenly   introduced   into  such  . 

2:^:^0^:;^":^  :r:;J^ :-  -  36s  per  c...  0.  us ...  v.. .  the  t... 

b    ,««<«  if  t  be  measured  in  *«r,,  and  E  m  **«*• 
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t  Isrire  value  of  1.,  wIiIlIi  is  what  we  tli>  not  wnnt.  It  is,  ttu-refbre, 
iiccfssai V  to  .1(1(1  l<>  the  voltiiictcr  liKuit  .is  iiuali  iioii  iniliictivc  rt-sistance 
as  rn.iy  l>e  pD^^iiilc  witliotit  rt'ilin-iii};  ihc  (.iiruiit  -■■'  l.ir  tli.it  llic  ii-ailiiiKS 
1)1  the  Vdltmctir  hicoinc  unnli.iMe.  Ivvcrv  nhiii  <>l  smii  rosistaiuc  added 
intrcasc!.  the   vaUic  ot    r   without   atTdtiiin    1.,  and  in  tliis    w.iy    tlie    value 

of  '-    may  be    consider.ibiy    rediii-ed.       It    is    lutilur    dhvimis,    from  what 

K 

has  been  said,  th.it  the  voltmeter,  exiei't  it  he  i.f  the  electro  dynamo- 
nil  ter  type,  must  be  calibrated  tor  the  ii.uti>  iil.ir  iKriodaity  on  which 
it   is  ititen.led  to  use  it,  and  that   it  will    n.ul  iiilital  iult\   {see  page   707V 

Electrostatic  Voltmeters.    On 

account  of  the  disturbances  .uid  vm- 
certainties  introduced  by  inductar.  .e  into 
all  electro-magnetic  voltmeters,  attention 
has  been  directed  to  the  evolution  of  elec- 
trostatic instruments  adapted  to  the  work-  /", 
mg  conditions  ot  the  more  commonly  used 
alternate-current  circuits.  TheoreticalI\ 
the  Kelvin  (ju.idrant  electrometer  (page  37^) 
can  be  0 >iUKCte(l  up  so  as  to  give  a  steadv 
deflection  when  an  alternate  p.  h.  is  applied 
to  the  (luadraiits.  As  ordinarilv  connected 
it  is  used  hetertisUiticalhy  that  is,  the  elec- 
trification and  potential  ot  the  needle  is 
quite  distinct  lr(  m  eillur  of  the  potentials 

whose  difference  it  is  recjuired  to  mea^url■.  When  so  u-.ed,  the  torque 
1    tending    to  deflect   the   needle  is  given  approxim.itely   by   the  formula — 

x  =  Ma-h)[n-"  J'j (» 

where  a,  b  and  n  stand  for  the  potentials  of  the  quadrants  a  and  B 
(Fig.  756)  and  the  needle  N  respectively,  and  '  is  a  constant  depending 
on  the  construction,  etc.,  of  the  instrument. 

The  instrument,  however,  may  be  used  idi'tstatkallv,  that  is,  only 
those  potentials  may  be  employed  the  ditTerence  of  which  is  required. 
In  this  case  the  needle  must  be  coi.nected  eicctric.i'.'y  >  one  pair  ot 
quadrants  so  as  to  be  at  the  same  potential  as  that  pal..  Let  us  suppose 
that  the  needle  is  comiected  to  the  quadrants  a,  and  that  therefore  N  =  A. 
The  above  formula  then  becomes 


The   (^iiadranl   In   Lord   Kdvin't 

tlcLlrumeler. 


t  =  k    (\ 


-»'[':"] 


or  the  deflecting  torque  will  depend  on   the  square  of  the   difTerence   of 
potentials  of   the   quadrants,   and    therefore    will    always    be    in    tbe    same 
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direction.      That   thU   w.ll   be   «.   is    also  ^^^^J^'::^:rTZ 
the   electrification   o.    the    needle    channe.   mrh   trom  +  • 

rmJ,   at   the   .a.ne   time   that    the   potent.al.    of  the    ^  •''•"";  ;^;^«^ 
sign.' the   acting   force,   will   still    ten.l   to    ,n       ...c   -     lo  --- 

direction    «    before.      We    see,    thcrelore,   thai    ^^ ^^^^  ^^  ^,^^,^,.,,, 

P.  I),  be  applied  to  the 
terminals,  the  electro- 
static forces  will  tend 
to  rotate  the  needle 
always  in  the  same 
direction. 

When,   however, 
the    above   is    applied 
with   pressures  of   the 
order  of    lOO   volts   to 
an    ordinary   quadrant 
electrometer  (Fig.  34*), 
it    is   found    that    the 
defl-    lion    produced   is 
eithu      altogether     in- 
apprt-.iable,   or    is    far 
too  small  to  be  of  any 
value   for    purposes   of 
exact   measurement. 
The  reason   is  not  lar 
to  seek,  for  when  the 
instrument    is    used 
hetcrostatitally  in    the 
ordinary     way     the 
potential  of  the  needle 
is  usually  many  thou- 
sands    of     volts,    and 

therefore  [n  -  4^']  is  very  many  tin.es  (x  -  b).     But  when  N  =  a   this 

term   becomes   *-^",    and     therefore,     although    a  -  ..     may    now     be 

,00  volts  instead   of  i.  or   2,  the    deflecting   torque    t   is   vvry  much    less 

han    it    was   before.      It    therefore   becomes   necessary    to    hnd    "^eans    of 

,h.    ...nsitivene^  "le    instrument    is   to   be    used    tor    the 

.ncreasmg    the    scns.tivent.  ^^^^^    ^,^^^^j^ 

measurement    of  tne   ordn..         1     mate    p.  ».    useu 

light  and  power  circuits.  .,.,.,_  .,,.  ^.K-ed  the 

Lord  Kelvin,  who  hrst  gave  us  the  quaJ.a.U  eicarotneUr,  ha,  ^K«l    he 

problem   in   more   ways    than    one.      We    shall    only   descr.be    here    the 
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instrument  best  adapted  for  laboratory  vvmk,  IciviiiR  to  tlie  tciliiucal 
»ei.tioiiH  thoic  iiistrvinifiits  which,  witli  oilii-r^,  h.ivi-  luiii  ll^■^i)»m•ll  lo' 
(lie  in  central  stations  or  lor  nciicial  i  iii;im-Lriii)»  Work. 

The   labnratorv   iiiNttiinu-iit    is   known    a-,   the    Mnltui-lltiliit     VhHih  Irr  i 
it    is   shown   in   section   ni   Fig.   757   and   in   plan   in   Fijj.    75*^.      It    voumMs. 
as   iUh   name  implies,  of   many  cells,  which    .iie  lornied    l>V  iuulti|)l\  inn   '•'«: 
number    of    quadrants    and     needles     wuli     the    objei  t     of    incie.isin^     the 
dellectinj;     loiiiiie.       The     instrmnent,     however,    dillers     in     ni.inv     cthei 
res()ects    Iroin    the   onulnal    quadiant    electroine'^i.       In    the    first    pi  ice, 
the     pair     ot     quadrants 
which     would     be     con- 
nected to  ''  >_•  needli-  for 
alternate    i'.   i).    woik    is 
abolished,     and      in>te.id 
we     have     two     vertical 
plates  g  g^  seen    in   sec- 
tion   in    Fig.  "]■>•■     The 
shape   of   the   remainini; 
"  quadrants  ''   is  changed 
to  rectangular  (or  in  some 
cases  triangular)  plates  c  c 
(Fig.  758), eleven  pairs  ol 
which  (///>,  Fig.  757.  Cf". 
Fig.  T i^^)  are  placed  in  a 
horizontal  position  verti- 
cally above  one  another 
so  as  to  form  ten  "  cell~," 
within  which   ten    vanes 
V,  arranged  on  a  vertical 
spindle,  can  rotate.  These 
ten  vanes  and    their   spindle   replace   the  so  called  "nenlle"  ol    the  oMer 
instrument.      I'he  spindl,  carries  at  its  top  end  a  light  aluminium  pointer  i, 
one   end    of   whicli    nii  ves   over    a    scale   on    which   are   marked    the  volts 
corresponding    to    the    various    deflection".      The    whole    si>indle,    "tc,    is 
suspended     by    a    tine    iridio-platinum    torsion    wire    w,    which    passes    up 
through   the  brass  tube  T  to  a  torsion    head    at   the    top   of  the  tube    by 
which  the  zero  can    be    adjusted.       A    buffer    ot  tine    wire   shaped    like    a 
coach  spring   is    interposed    between    the   spindle   and    the    torsion   wire   to 
prevent  any  sudden  jar  injuring  the  latter. 

The  spindle  and  torsit>n  wire  are  electrically  in  contact  with  the 
case  of  the  instrument  and  with  the  plates  gi^,  but  the  horizontal  plates 
ppp  are  insulated   and   comiected  to  an   insul.ited   terminal. 

The  two  points  whose  i'.  I),  has  to  be  measured  are  coniieLied  -one 
to  an  uninsulated  terminal  on  the  case  of  tlie  inbiruinent,  and  therefore 
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to  the  vanes  v  and  the  f,'uar(l  plates  g  p,  whilst  the  other  is  connected 
to  the  insulated  terminal  and  the  cellular  plates  c  C.  With  no  torsion 
in  the  suspen.lniK  wire  the  pointer  i  is  adjust.d  to  s'and  at  zero,  an.l 
in  this  position  tho  vanes  v  (Fif;.  75«)  are  elos,-  to  the  j^uard  plates  j;  K. 
from  which  thev  are  lepellwl  by  the  electrostatic  force,  l.emf,'  on  the 
other  hand  attracted  hv  the  insulated  plates  c  r.  The  controlhnj; 
force  is  the  torsion  of  the  wire  w,  which  is  proportional  to  the  deflec- 
tion. In  whichever  direction  the  potential  difference  is,  the  direction 
of  movement  of  the  vanes  is  therefore  the  same,  and  it  is  not  changed  if 
the  P.  D.  be  reversed  in  sij^n.  Thus  with  a  periodic  and  cyclic  P.  D.  of  the 
ordinary  kind  the  deflection  is  steady  so  long  as  the  successive  loops  are 
the  same,  for  the  period  of  free  swing  of  the  suspended  apparatus  is  several 
seconds  at  the  least,  and  is  therefore  many  times  that  of  a  singk  altema 
tion.  The  instalment,  as  in  the  case  of  the  electro-dynamometers,  etc., 
measures  the  root-mean-sqnare  or  virtual  value  of  the  alternate  r.  D. 

Hot-wire  Voltmeters.— These  instalments,  as  already  described,  are  also 
available  for  measuring  an  alternate  P.  n.  Their  deflections  depend 
upon  the  heating  effect  of  the  current,  which  is  not  changed  by  change 
of  direction,  being  proportional  to  the  square  of  the  current.  They  also 
have  a  fairly  high  resistance  and  a  negligible  inductance,  so  that  their 
time-constants  are  small,  and  the  complications  met  with  in  using  electro- 
magnetic voltmeters  do  not  arise  to  the  same  extent,  their  impedance 
being  practically  equal  to  their  resistance.  If,  however,  they  have  been 
calibrated  with  steady  p.  d.'s,  their  deflections  must  be  multiplied  by  o  () 
to  obtain  the  mean  value  of  the  alternate  p.  i).  appliwl,  for  the  deflections 
depend  on  the  root-mean-squaie  or  virtual  value  of  the  p.  n.,  and  not  on 
the  mean  p.  n. 

IV. — WAVE    FORM. 

No  attempt  to  deal  with  the  subject  of  the  measurement  of  current 
and  voltage  in  alternate  current  circuits  would  be  complete  without  some 
detailed  reference  to  the  instruments  by  wliich  it  is  possible  to  as<ertain 
directly  and  quickly  the  wave-form  of  the  alternations  which  are  lx>ing 
dealt  with.  The  fact  that  the  relations  between  mean  values  and  R.M.s. 
values  depend  upon  the  wave  form  has  been  insisted  upon  iii  the  preceding 
l)ages  (see  pages  766  and  767),  and  it  has  been  pointed  out  that  the  relations 
there  given  are  only  strictly  applicable  when  the  wave  follows  a  simple 
sine  curve.  Hut  apart  from  this  question  of  metrical  accuracy,  there  rre 
many  problems  which  confront  the  practical  engineer  who  is  dealing  with 
alternate  currents  in  which  the  wave  form  plaj  s  an  important  part.  Mention 
need  only  l)e  made  of  the  parall.lii.g  of  dissimilar  alternators,  the  voltage 
surgings  produced  in  switching  •  urn  nts  !>!i  and  off,  the  efficiency  of  trans- 
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formers,    and   the    still  more  diflicult   problems  roiinei  ted  witli  telephone 
transmission. 

The  instniments  in  practical  use  fall  into  two  main  classes :  (i)  ostilla- 
pr«/)/».f,  or  instruments  which  produce  a  visible  "praph."  transient  or  per- 
manent, of  the  current  or  voltage  wave  at  the  moment  of  observation, 
and  (ii)  ondographs,  which  by  marking  down  automatically,  but  much 
more  slowly,  the  mean 
valuesof  successive  phases 
sufficiently  close  together, 
produce  on  a  travelling 
band  of  paper  a  record 
of  the  mean  wave  form 
of  many  successive 
waves. 

The  first-named  class, 
"oscillagraphs,"*  consists 
of  an  ingenious  modi- 
fication of  the  moving 
coil  galvanometer  (page 
718),  which  was  proposed 
by  Blondel  in  1893,  and 
considerably  developed, 
especially  by  Duddell  in 
subsequent  years.  The 
form  described  below  is 
one  of  Duddell's,  as 
manufactured  by  the 
Cambridge  Scientific  In- 
strument Company. 

It  has  ■  been  already 
pointed  out  that  the  chief 
difficulty  in  using  the 
ordinary  galvanometer,  whether  moving  coil  or  moving  magnet,  for  alternate 
currents,  lies  in  the  fact  that  the  period  of  oscillation  of  the  moving  part 
being  one  or  more  seconds,  this  moving  part  cannot  respond  with  suf- 
ficient quickness  to  changes  which  pass  through  all  their  phases  in  ^'^th 
or  less  of  a  second.  The  mechanical  conditions  which  must  be  fulfilled  to 
secure  the  necessary  quickness  of  response  are  well  known,  but  are  difficult 
to  apply,  as  the  natural  period  of  oscillation  of  the  moving  part  must  be 
brought  down  to  something  of  the  order  of  a  fraction  of  ioots'^'  "f  ^  second 
if  the  problem  is  to  be  solved.     Turning  for  a  sulntion  to  other  branches  of 

*  The  collect  .speiiing  is  that  given  above,  and  not  "saciliographi,"  as  usual!)  wrillea. 


H'S-  759.— Principle  of  the  Vibrator  of  ui  OKillaKraph. 
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physics  M  lilondd  noticed  that  a  stretched  vioHn  string  fulfilled  the  neces^ 
sary  mechanical  conditions,  rnned  up  to  a  sufficiently  high  note,  its  period 
o.  tree  oscillation  can  be  made  a  very  small  fraction  of  a  second,  and  since 
its  material  may  be  metal  it  satishes  the  electrical  condition  "«  being 
capable  of  carrying  an  electric  current.  In  the  e.vperiment  described  on 
page  50^  it  is  "shown  (l-ig.  3<'.'>)  that  a  stretched  current-carrying  wire 
trav.Msing  a  li.xed  magnetic  field  is  subjected  to  a  force  proportional  to 
the  magnitude  of  the  current  and  changes  its  direction  when  the  direction 
of  the  current  is  changed.     In  this  experiment  we  have  the  electrical  pnn- 


Kig  7*o- 


-beclion,  Pjralltl  to  Front. 


7O1.— SecUoii,  Itoiii  to  BicV. 


The  nmi.lell  I't-rnidnent  Magnet  0  cillagraph  (Section-^). 

ciple  of  the  lilondel  os(  illagrapli,  inasmu.h  as  the  middle  point  .  I  such 
a  wire  if  stretched  sufficiently  taut,  will,  when  travers(<d  by  an  alternate 
current  occupy  at  each  instant  a  horizontal  position  whose  distance  from 
its  position  of  rest  will  dt-pend  upon  the  current  both  in  magnitude  and 
.luection  How  such  positions  are  to  be  made  visible  or  recorded  is  an 
optical  problem  which  will  be  taken  later,  after  describing  the  details  of 
the  electrical  parts  of  the  instruments.  ,      .      ,  .. 

In  Fig  759  which  should  be  compared  with  Fig.  563,  is  shown  the 
applicatio-i  of  the  general  principle  referred  t"  above,  together  with  the 
first  stage  of  th-'  solution  of  the  optical  pmbl.  ni.  The  cur-'ent-carrying 
conductor  s  s  s  s  attached  to  tlie  tunuinals  I  r   i=  looped  over  the  ivory 
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pulley  P,  l>y  wliitii  it  <  .m  he  -tictcluii  t.iiit  1>\-  nivalis  of  a  >pir,il  spring, 
or  otherwise,  in  its  two  p.iss;ii,'es  up  and  down  lhroni;li  tin'  narrow  gap 
lietween  the  pole  pieces  N  and  S  ot  a  powerful  ni.ignet.  When  a  current 
is  passed  from  I  to  /'  through  this  cotuhutor,  the  wire  on  the  left,  up  wliich 
the  current  passes,  will  be  pushed  backwards,  wliereas  the  wire  on  the  right, 
which  is  ( arrying  the  tlownward  current,  will  be  moved  forwards.  The 
little  mirror  m.  which  is  cemented  to  both  wires,  will  therehv  be  re  ited  round 
a  vertical  axis  so  that  a  beam  of  ligiit  falhng  upon  it  will  be  dt  ilected  from 
right    to    left.      If   the  displacements  of  ^  ^-^ 

tht>  wires  an-,  as  they  stiould  be,  strictly 
proportional  to  the  magnitude  of  th.' 
<urrent,  the  deflection  of  the  beam  will 
be  a  measure  of  the  magnitude  of  the 
current,  and  will  be  reversed  if  the  cur- 
rent be  reversed.  In  some  of  the  actual 
instruments  the  lo"p  has  a  natural  period 
of  vibration  of  ir.c'M.oth  of  a  second  and, 
therefore,  the  res])onsi'  to  the  variations 
of  a  current  of  too  or  200  f^  is  prac- 
tically instantaneous;  as  the  natural 
vibrations  of  the  wire  (to  its  own  period 
of  oscillation)  are  damped  by  immersion 
in  an  oil  bath,  the  action  is  practically 
"  dead-beat  "  (sec  page  721). 

The  displacement  of  the  wire  for  a 
given  current  depends  not  only  on  the 
current,  but  also  on  the  strengtli  of  the 
m;ignelic  held  througii  which  it  jiasses. 
For  sensitiveness,  therefore,  the  field  in 
the  gap  should  be  made  as  great  as 
possible.  It  may  be  set  uji  by  either  a 
permanent  or  an  electro -magnet,  the 
former  being  the  simpler  method,  but 
the  latter  giving  the  more  intense  field. 
Ill  Figs.  7(hi  and  701  are  shown  two 
sections  through  the  centre  of  the  oil  bath  of  a  jHMinanent  magnet  instrument, 
one  section  (Fig.  7CX))  being  taken  parallel  to  llie  front  and  the  other  (Fig. 
761)  from  front  to  back.  In  Fig.  7bj  is  given  on  a  larger  scale  a  side  and 
front  view  of  the  "  vibrator,"  as  the  stretched  wire  j  ..  t  of  the  instrument  is 
called,  and  in  the  lower  part  of  this  hgure  lher(>  is  a  horizontal  si-ction  showing 
the  auxili.iry  poles  by  which  the  field  is  concentrated  in  the  neighbourhood  of 
the  vibr.Tting  wires.     The  same  reference  letters  arc  used  in  the  three  figures. 
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FiR.  762— OscindC''arh  Vibrator. 
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It  Will  IK  .u.ticca  (I'-.K.  7<>«>)  tl.at  tlKT.  are  two  "  v.l.raturs      si.le  by 
side    this  iH-ing  a  feature  of  all  the  DudcUll  instruments;    the  nUentu.n 

;.  '^hle  the  exiH.rnnenter  simultaneously  to  compare  t.o  d.  feren 
ouuitities  such  as  voltage  and  current,  and  observe  the.r  phase  and  other 
Sr  n  e;  The  n.ethod  of  connecting  the  vbra.ors  to  the  electnc  currents 
fe^plahe.!  later.  The  des.gn  of  the  nrstrunu.rt  allows  e:ther  or  boh 
vbrators  to  be  removed  qunkly  and  replaced  by  others  -  -  -  ^ 
,n  accident  or  any  other  reason  rendenng  ,t  necessary.  The  vibrators 
an    dctiuciii  3  ^^^^  ^^^^  ^j^^_  ^^^^^  V.  which  also 

carries  the  oil  bath  .\  and  the 
perminent  magnet  li  (which  is 
U-shaped),  and  is  itself  suji- 
ported  by  the  three  levelling 
screws  I-  K  i".  The  mechanical 
arrangements  at  the  top  are  de- 
signed so  that  the  position  of 
the  vibrators  can  be  very  accu- 
rately adjusted,  they  being 
finally  held  by  the  tension  of 
the  springs  />  against  the  ends 
of  the  long  screws  L  L.  which 
can  be  set  up  so  as  to  alter  the 
zero  when  the  instrument  is 
ready  for  use. 

In  the  vibrator  (Fig.  762)  the 
ends  of  the  stretched  wires  arc 
attached  to  the  blocks  (insulated 
from  one  another)  connected  to 
the  terminal  wires,  U  and  U,,  the 
w  hole  being  su]iported  on  a  brass 
frame  w  w  .  After  passing  over 
a  guide  block  />,,  the  wires  pass 
down  into  the  magnet  gap  which 
lies  between  the  auxiliary  soft 
;on  poles  i>  !■,  whitli  are  also  carried  by  the  frame  w  w,  and  serve  to 
concentrate  the  li-lil  of  the  iiermancnt  r.Kignet  B  by  reducing  the  air-gap 
to  a  minimum.  This  concentration  is  still  further  assisted  by  the  thin 
soft  iron  partition  R  which  runs  down  the  whole  length  of  the  gap, 
dividing  it  into  two  compartments,  one  for  each  wire.  After  passing 
through  these  two  compartments  the  wires  pass  over  another  guide  block 
ft.  and  then  loop  o\-er  the  ivory  pulley  o,  being  kept  taut  by  the  spring 
N,  the  tension   of   which  is  adjusted  when   the  wires  are  first   mounted. 


pjg,  -6j.— The  Duddell  Permanent  Magnet  Oscillagraph. 
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Tliis  triisioii  varies  in  tlie  diffrrfiit  vil)rat<irs  (iniii  50  \i\m\\-^  lo  a  kil<'','rani. 
Tlu'  I  KaraiUf  hotwi'en  the  wire  ami  the  sides  ot  llie  ^^'ap  1^  \eiy  small  and 
in  the  various  Diuldell  instruments  varies  from  0(14  to  oi.i  nun.  (oouid 
to  o  00')  inch).  Half-way  up  the  i^a\>  the  partition  K  is  cut  away  to  enable 
the  mirror  M  to  be  attached.  This  mirror  is  very  small,  beinf^  in  tiie  most 
sensitive  instruments  only  03  x  10  nun.  (o-oi  x  (1-04  inch)  ;  for  pro- 
jection purposes,  and  in  the  permanent  magnet  instruments  wliich  are  not 
so  sensitive,  larger  mirrors  are  used,  but  even  tlien  they  are  still  very  small, 
being  only  o-8  x   1-5  mm.  {o*o,?  x  006  inch). 

Wlien  the  vibrator  is  in  position  the  ends  of  its  wire  are  1  onnected  to 
e.vternal  terminals  c;  one  end  first  passing  through  .1  fuM>  it  consisting  of 
much  hiier  wire  than  the  vibrator  wire.  This  fuse  wire  is  carried  ni  .1  small 
glass  tube  with  brass  caps  at  eacli  end;  these  brass  caps  tit  into  t  lips,  so 
that  if  a  fuse  "  goes,"  it  can  be  quickly  replaced  by  anotlier.  The  tem- 
perature of  the  oil  bath  is  given  l)y  a  thermometer  K,  whose  l)ulb  is  insert<'d 
in  it,  and  light  is  admitted  to  the  mirrors  tluough  a  little  window  T  in  front, 
consisting  of  a  plano-convex  lens  slightly  tilted  to  get  rid  of  troublesome 
reflections  from  its  own  surface.  The  oil  in  the  oil  bath  is  so  chosen  that 
at  the  working  temperature  its  viscosity  is  just  sufficient  to  give  tiie  retpiisite 
amount  of  "  damping "  to  secure  dead-lwatness  without  impeding  the 
free  motions  of  the  wires. 

The  whole  instrument  is  shown  in  Fig.  763,  which  should  be  compared 
with  Figs.  760  and  761.  in  which  the  same  reference  letters  are  used. 
Very  little  additional  description  is  necessary.  The  terminals  of  one 
of  the  vibrators  arc  g  and  g,,  and  the  fuse  wire  h  which  is  interposed 
between  the  terminal  o  and  the  wire  of  the  vibrator  can  be  cleady  seen. 
At  the  other  side  are  the  termina's  g  and  g„  with  the  fuse  h  of  the  other 
vibrator.  The  brass  strap,  which  can  be  seen  connecting  G  and  ;>  to  an 
ai'lditional  binding  screw  M,  is  for  the  purpose  of  bringing  one  end  of  each 
vibratoi  into  contact  with  the  frame  of  the  instrument,  thus  reducing 
potential  differences  within  the  instrument  to  those  necessary  to  produce 
the  currents  in  the  vibrators.  This  is  especially  important  for  high- 
voltage  (say,  50,000  volts)  work,  for  which  the  frame  of  the  instrument 
is  insiilated  from  the  earth,  and  the  above  connection  does  not  interfere 
with  the  insul.itiiin  of  the  current. 

For  such  high-voltage  work  the  connections  are  as  showu  diagram- 
matically  in  Fig.  764,  in  which  a  represents  a  high-voltage  generator  and 
s  s  its  main  switches.  For  working  the  synchronous  motor  {%cc  hchm) 
the  primary  />  of  a  transformer  is  connected  across  the  mains,  and  the 
circuit  of  the  synchronous  motor  is  connected  to  the  terminals  of  its 
secondary  .s.  This  circuit  is  thus  quite  insulated  from  the  hi^h-voltage 
circuit.     The  two  osciliagr^pii  vibraturs  aie  indicdled  by  the  two  loops 


ir 


Electricity  is  the  SERriCE  of  Mas. 


marked  "current"  and  '  p.  n  "  icspectivoly.  One  end  of  each  loop  is 
shown  connected  to  the  common  point  M,  and  tlic  other  through  its  fuse 
/,  or  /,  to  the  switch  s.  or  s„  by  which  connection  is  made  through  the 
various  lesista-ices  to  the  rest  of  the  circuit. 

For  measuring  "  current  "  a  shunt  box  r,  is  inserted  in  one  of  the 
mains  of  the  alternator,  and  the  vibrator  wire  is  bridged  across  this 
through  the  resistance  r,.  Both  these  resistances  can  be  varied ;  K, 
according  to  the  current  in  the  mains,  so  that  full  detlections  of  the 
vibrator  can  be  obtained  with  several  main  currents  varying  from  2  to 
loo  amperes,  and  R,  to  adjust  the  sensitiveness  of  the  vibrator. 

For  measuring  "  p.  D."  a  large  non-inductive  resistance  r,  +  R^  is  bridged 
across  the  mains,  and  the  vibrator  wire  is  bridged  through  an  appropriate 


KiR.  r64.— Connections  of  Oscillagraph  for  High-voIUKe  Circuits. 


"  tap"  across  a  portion  P;  of  this  resistance.  The  resistance  r,,  similar 
to  R,.  is  placed  in  series  with  the  vibrator  wire  to  allow  the  sensitiveness 
to  be  adjusted. 

Projection.  -If,  with  the  instrument  described,  a  beam  of  light  be  passed 
on  to  one  of  the  vibrator  mirrors  when  an  ordinary  alternate  current,  say 
of  25  "VJ,  is  traversing  its  wire,  the  beam  if  received  on  an  ordinary  gal- 
vanometer scale  will  appear  as  a  horizontal  band  of  light,  and  all  that 
will  be  readable  will  be  the  length  of  the  band,  which  will  measure  the 
amplitude  only  of  the  alternate  current  (see  page  542).  To  obtain  the 
details  of  the  wave  f(jrm  a  motion  at  right  angles  to  that  of  the  vibrator 
mirror  m  must  also  be  available.  This  can  be  obtained  by  allowing  a 
rapidly  falling  photographic  plate  to  take  the  place  of  the  galvanometer 
scale.    The  plate  when  developed  will  then  bear  a  trace  of  as  many  com- 
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plete  alternations  as  its  length  and  lapidily  ot  niovinuiU  i^runa.  Or  tl..- 
lulling  plate  may  be  replaced  by  a  kincnvatof^r.iph  lihu,  upon  \s\w\x  a  nuuii 
longer  scries  of  alternations  or  observations  may  be  itcouKd.  Apparatus 
for  obtaining  records  by  both  these  methods  is  supplied  by  the  t  aiubndge 
Scientific  Instrument  Company. 

Projection,  by  which  the  waves  can  be  mad.'  visibl.'  to  a  large  audien. .-. 
•^  not  so  easy.  The  problem  has  been  solved  by  pla(  ing  m  the  path  ol  the 
beam   after  reflection  from    the  oscillagraph  mirrors  a  minor  oscillating 


V\ti.  765.- Oscillagraph  Apparalus  lor  pii'jiclin;;  ihi  tiir\ci.. 

synchronously  round  a  horizontal  axis.  The  apparatus  is  shown  in  per- 
spective in  Fig.  765.  The  beams  of  light  coming  lioni  the  oMiHagraph  are 
received  first  on  the  cylindiic  condensing  lens/  /.  .'id  then  pass  on  to  the 
plane  oscillating  mirror  m  in,  from  which  they  are  reflected  on  to  a  suitable 
sheet  or  screen.  The  mirror  m  is  oscillated  by  a  cam  driven  by  a  syncliiunoiis 
motor,  so  that  the  cam  makes  one  revolution  in  two  complete  periods.  Dur- 
ing one  and  a  half  of  these  two  periods  the  mirror  is  turned  with  uniform 
angular  velocity  in  one  direction,  and  during  the  remaining  half-period  it  is 
brought  quickly  back  to  its  starting  position;  during  this  halt-periotl  the 
light  is  ecli])sed  by  a  sector  which  is  interposed  in  the  beam  on  its  way 
to  the  oscillagraph. 
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Thus,  oi)ly  the  biains  rweived  durinf,'  the  oiu-  .iiul  a  lialf  uncrhpsed 
periods  riM' li  the  sdOfii,  and  as  (hiring  these  times  the  mirror  m  m  is  always 
moving  in  the  same  direction  three  semi-alternations  are  projected  and 
appear  on  the  screen.  A  datum  line  is  given  by  a  mirror  in  the  oscillagraph 
attached  to  a  fixed  support  between  the  two  vibrators,  the  fixed  beam  from 
which  is  drawn  into  a  straight  band  of  light  by  the  oscillating  mirror  in  m- 

The  success  of  the  projection  depends  upon  the  absolute  synchronism 
between  the  oscillations  of  the  mirror  m  in  and  the  mirrors  M  in  the  oscil- 
lai-^raph.  This  is  obtained  by  revolving  the  cam  which  moves  m  m  by  a 
syiK  hronons  motor  driven  by  a  current  derived  from  the  same  source  as 
the  currents  supplied  to  the  oscillagraph.  The  stator  of  this  motor  coiisi.-,ts 
of   two   horseshoe   electro-magnets    s  s.  wliich    receive   alternate   currents 


tig.  766.— i)..i.illagrt|)h  Curves  showing  Voltage  .ind  Current  Waves. 

of  the  proper  periodicity.  The  rotor  r  consists  of  an  ebonite  cylinder 
carrying  on  its  surface  four  soft  iron  armatures  fixed  parallel  to  its  a.\is. 
One  arniature  is  attracted  up  to  the  poles  with  each  semi-alternation  of 
current  in  the  stator,  and  thus  the  ebonite  cylinder  will  run  at  a  speed  in 
re\(.lutions  per  second  equal  to  lialf  the  periodicity.  If  the  cylinder  be 
kept  running  absolutely  at  this  speed  (and  as  a  motor  cylinder  it  can  run 
at  no  other),  the  necessary  conditions  for  the  oscillation  of  the  mirror  in  in 
will  be  satisfied. 

Resiilis.—Ai  an  example  of  the  curves  obtainable  from  an  oscillagraph, 
Fig.  766  gives  the  e.m.f.,  or  voltage  wave  (v)  and  the  current  wave  (c) 
of  a  rotaiy  conveilei  which  was  being  driven  as  au  ulteraatur  by  an 
independent  motor.      The   alternator  was  supplying  current  to  a  highly 
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indiirtivc  I'.ul.  wliirli  arrouiit-  tor  the  lari,'i-  .iinnniil  i>f  Lit;  (luailv  ■\\\ 
I  r  (ilii- i'Il;Ii|Ii  of  ,1  (>riiii(l)  of  the  iiiriillt  Ixiiiiul  llir  \i>lt.i!;i'  Hit-  nppli'^ 
cm  the  vnltai,'!'  (iirvc  .iic  i'vi<liiill\  ilur  to  tlic  l.i  lli  in   tli>    .inn  itui.     .111. 1 

a    f^'ooil    ^iicss    at    till'    niiiui>.r    ol    \lir    t.itl M    In     111  nli     tiMiu   ,ui 

insjH-ction  of  tlif  nitvc.  liic  turvt'N  .iKo  illii-tial.'  ln'w  \'  i\  (lilli  nut  tin' 
form  of  tlie  cmrtiit  (iirvc  inav  l>f  tmni  lli.it  "I  lli>  \  oil  i^r  1111  %<•  wliuli 
generates  the  current. 

Rheographs.— The  al  ove  laltern  of  oscilla-ia|>i'  lia~  lucii  .li'-n  ibid 
very  fullv,  so  that  the  reader  niav  Ix-conie  a' iiuaiiiuil  with  the  <  iiief  dith- 
culties  -meclianii  al,  eloetrieal,  optiial  and  i>ii\>iolo^i(  a!  whieh  havr  to  be 
faced  in  designing  s\ich  instruments.  Other  solutions  of  tiie>e  ditluullies 
ha%-e  been  worked  out  by  M.  Hlondel  and  otliers.  l)ut  it  is  obviouslv  nnixK- 
sible  to  devote  equivalent  space  to  tlieii  detailed  description.  Mi  ntion  (an 
tlierefore  only  be  made  of  an  inf;enious  solution  by  M.  Abraham,  embodied 
in  an  instrument  which  he  rails  a  rh,ogr,ipii,  in  which  the  moving  jiait  of 
tJie  instrument  is  a  light  aluminium  tranie  whicli  lorms  the  dosed  secondary 
of  a  small  translormor  within  the  instrument  it>ell.  None  but  nuliu  ed 
currents  therefore  traverse  the  moving  pa'ts,  the  actual  current  r    H 

whose  wave  form  is  to  lie  depicted  only  acting  indirectly.  The  pha-e  dis- 
placements due  to  the  various  tiaiisformations  are  <o  manipulated  that  the 
reduced  currents  in  tin!  aluminium  frame  and  the  angular  motion  of  the 
frame  are  practically  in  step,  or  what  is  praitically  equivalent  to  being  in 
step,  with  the  function  whose  wave-form  is  to  be  studied.  An  interesting 
optical  method  of  projc  tion  different  from  that  described  alx)ve  is  employ  d. 
KlectricaUv,  the  instrument  is  subject  to  certain  limitations  Imm  which  the 
Hlondel  and  Uuddell  oscillagraphs  are  free  ;  but  it  is  claimed  tnai  under 
most  circumstances  it  gives  e(iually  good  results. 

Ondographs. — I'niortunately,  it  is  not  jiossible  to  find  space  for  a 
full  descri])tion  of  the  other  type  of  instrunuiif  by  which  the  voltage  or 
current  wave  form  can  be  automatically  traced  o!i  a  travelling  band  of 
paper.  It  may.  liowever.  be  explained  that  the  principle  emjiloyed  is  tiiat 
the  writing  pen  is  guided  by  the  deflection  of  a  slow-mo\iiig  galvanometer, 
which  by  a  revolving  commutator  is  placed  in  a  >hunt  circuit  at  difteii  iit  but 
successive  phases  of  the  wa\e  under  experiment.  The  galvanometer  is 
in  circuit  on  one  phase  of  the  wave  and  out  of  circuit  for  all  other  jihases 
'•>r  quite  a  long  period  comjjared  with  the  periodic  time  of  the  wave,  and 
K  .  deflection  at  any  instant  gives  the  mean  of  the  vahies  of  the  wave 
ordinate  at  that  phase  for  a  number  of  successive  alternations.  The  many 
experimental  (hfticulties  of  apjilying  this  i>rinciple  and  embodying  the 
results  in  a  practical  form  of  instrununt  lia\e  been  successfully  overcome. 
Such  instruments,  designed  1)\'  M.  llospitaliei ,  are  made  by  Messrs.  Ducfetet 
ami  Roger,  of  Pans. 
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Analysis  of  Wave  Forms — Having  obtained  a  record  of  the  wave- 
form bv  one  of  the  foregoing  or  any  oilier  method,  it  becomes  imjiortant 
to  examine  ic  carefuliy,  cliielly  with  a  view  tfi  ascertaining  how  far  and  in 
wliat  re>|>ects  it  (hflers  from  a  simi)le  sine  wave.  Attention  has  aheavly 
been  drawn  (stv  p.  55(1)  to  the  fact  that  all  cyclic  and  periodic  functions 
can  be  exjiressed  as  a  sum  of  trigonometrical  sines  and  cosines,  in  which 
the  time  /  is  the  independent  variable,  and  appropriate  constants  involving 
the  amplitnde,  periodicitv  and  pha-e  of  the  different  terms  &i  '"tro- 
dnced  to  mljust  the  actual  magnitudes.  Examples  were  also  ji\  i'ig 
514)  of  wa\e  forms  analysed  into  their  constituent  sine  curves. 

In  the  theory  which  was  subsequently  developed,  and  in  most  calcu- 
lations connected  with  alternate  current  circuits  and  machinery,  it  is 
assumed  that  the  wave  form  is  the  simplest  possible— nami'ly,  a  single  sine 
(  urve  of  appropriate  amplitude,  periodicity,  and  phase.  In  actual  practice, 
however,  this  conditiim  is  eldom  rigorously  satistied,  lliough  in  many  cases 
the  difference  from  the  sine  wave  is  not  great,  and  the  results  of  this  differ- 
ence are  not  important.  The  cases,  howevc-  in  which  the  differences  lead 
to  results  which  cannot  be  neglected  are  suthciently  numerous  I0  render  it 
necessary  to  take  some  account  of  the  minor  constituents  of  the  wave. 
These  minor  constituents,  which  consist  of  other  sine  waves  superposed 
upon  the  first  or  chief  sine  wave,  are  known  as  harmonics.  Their  period- 
icit\-,  or  periodic  time,  has  usually  some  simple  relation  to  the  periodicity 
of  the  fundamental  w'ave,  and  according  as  the  periodicity  of  the  harmonic 
i<  Iwo,  three,  four,  etc.,  times  that  of  the  fundamental,  it  is  known  as  the 
si'coihl  harmonic,  third  harmonic,  fourth  harmonic,  etc.  In  alternate  current 
work,  on  account  of  the  method  of  geneiation,  the  harmonics  met  with 
are  usually  of  the  odd  order  namely,  the  third,  fifth,  seventh,  ninth,  etc., 
the  even  harmonics  being  absent  ;  and  it  may  happen  that  one  of  the 
harmonics  of  a  high  oder — the  eleventh  or  fifteenth— may  be  prominent 
and  the  others  negligible. 

.Methods  of  analysing  the  curves  into  their  constituent  waves  have  thus 
a  direct  practical  bearing,  as  indicating  whether  or  not  the  ordinary  for- 
mul.e  for  impedance,  lag,  etc.,  which  are  based  on  the  assumption  of  a 
smglc  sine  wave,  can  be  adopted  in  a  particular  case.  These  methods 
may  be  (i.)  purely  arithmetical,  in  which,  having  measured  a  sufficient 
number  of  tiie  ordinates  of  a  complete  wave,  the  constants,  amplitude, 
per  odicity  and  phase  of  the  constituent  waves  can  be  calculated  ;  or 
(ii.)  instrumental,  by  using  instruments  known  as  harmonic  analysers;  or 
(iii.)  a  combination  of  (i.)  and  (ii.).  The  explanation  of  these  methods 
would  lead  us  beyond  the  limits  adopted  in  this  book,  but  readers  interested 
can  c»msult  two  very  lucid  articles  by  Professor  J.  Per  y,  which  appeared 
in   he  likctncian  newspaper  on  February  5th,  i8y2,  and  June  28th,  1895. 
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Form  factor. — Witlmut  nblaininf^  llu'  actual  liarnKHiii'^,  '^nvn-  of  tin- 
results  of  departure  fnnu  the  -^implt'  muc  \\.i\i-  luav  hv  iiilnitil  Imm  a 
knowledge  of  \\w  form  J  actor,  which  may  l»-  nbtainid  i  xpiiinuiitallv.  llii> 
factor  is  dehncd  as  flic  ratio  of  the  virtual  or  rvt  mean  square  vahu-  to  the 
mean  value  (icv  p.  707),  or  currents. 

Porni  factor   =   ^-l^ 


-_    =     IMII 


For  a  simple  sine  wave  the  value  will  be  : — 

Form  factor  =    — 
•400 

The  effect  of  the  presence  of  higher  harmonics  is  to  uicrcase  the  viit>ial 

value   as    given   by   the  ordinary    measuring    instnmients    jiro]ioifioiially 

more  than  the  mean  values,  and  thus  to  increase  the  tonn  lactor. 

A  >imple  method,  used  by  Mr.  A  Campbell,  of  determining  flie  foim  lactor 

of  a  pressure  wave  is  shown  diagi.immatically  in  Fig.  7f>7.      In  this  dia- 
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Fii;.  767, "  Measurement  tjf  hnrni  Factor, 

g  am  A  is  a  source  of  alternate  pressure,  and  c  is  a  revolving  commutator 
driven  by  a  synchronous  motor  drawmg  its  energv  Irom  tfie  same  source ; 
G  is  a  high-resistance  galvanometer  connected  to  the  comnmtator  and 
acting  as  a  voltmeter  ;  v  is  an  ordinary  alternate  t  urrent  voltmeter  con- 
nected across  the  mains.  The  commutator  c.  is  a  simple  commutator,  m) 
constructed  that  the  connections  between  the  galvanf)meter  leads  a  b,  and 
the  alternator  circuits  are  reversed  twice  in  a  complete  period.  The  ton- 
sequence  is  that,  when  properly  adjusted,  tlie  currents  through  G  are  alwa'  s 
in  the  same  direction  and  are  proportional  to  the  volts  on  its  terminals. 

The  method  of  experiment  is  to  adjust  the  commutator  until  the 
readings  of  g  are  a  maximum ;  these  readings  will  then  be  proportional 
to  the  mean  value  of  the  volts,  and  the  voltmeter  v  will  give  the  virtual 
value.  Hence  the  form  factor,  being  the  ratio  letween  these  two  values, 
will  be  known.  If  necessary,  suitable  trans  ormers  and  resistances  may 
be  introduced  to  adjust  the  sensitiveness  of  c  and  v,  care  b  ing  *aken 
that  they  do  not  affect  the  wave-form. 
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V.  —  MKASI  KF.MEM    OF    INOI  l.TAN*  K. 

Tlu;  prcrcdinK  pilot's  will  have  siiltKuiitly  iiupii -miI  ii|miii  the  n.uKr 
the  imjMtrtaiuc  nt  tin-  pait  which  inductance  j>lavs  in  must  alteiiiato 
«:urrcnt  |ihrni)iu«iia  and  their  apphratinns  to  make  it  nhvioiis  that  a 
knowledf^e  of  the  luiiiurical  vahie  of  the  indiulaiife  is  as  iietes>ary  as  a 
knowledge  of  tlie  niinieiical  vahies  of  the  resistaiue,  capai  ity.  or  otliei 
pliysical  pioiK-rty  of  the  material  or  circuit  under  consideration.  The 
jirinciples  involved  have  been  already  explained  ;  it  is  now  necessary  to 
applv  them  to  |)ur[)oses  of  actual  measurement. 

The  inductance  (i.)  of  a  circuit  or  of  a  coil  has  been  defined  ou  pa^e  5.i.S 
as  the  ratio  of  the  total  number  of  lines  (s)  passing  throuKli  the  ciicuit, 
or  coil,  to  the  current  (c)  pioduciuf,'  them,  or  in  symlMils  — 


^=  c 


(I) 


For  circuits  or  coils  with  no  iron  or  magnetic  material  in  their  neif,'hl)our- 
hood  the  ratio  of  n  to  c  is,  for  all  practical  purposes,  a  constant,  an  1 
therefore  i.  is  a  perfectly  delinile  quantity.  For  electromaf,'nets  and  all 
circuits  enclosing  iron,  the  most  casual  examination  of  any  magnetisation 
curve  for  instance.  Fig.  257  will  show  that  this  ratio  must  depend  ufxm 
the  magnitude  of  the  magnetic  flux  for  the  particular  maj;netising  current. 
In  order  that  l  should  be  constant  under  such  circumstances  the  B-H 
curve  (Fig.  252)  would  liave  to  be  a  straight  line  passing  through  the 
origin  o.  No  magnetic  material  with  which  we  are  acquainted  has  such 
a  B-H  curve,  and,  therefore,  m  all  su.h  cxses  i ,  if  dehneil  as  al)ove,  cannot 
be  constant.  Another  way  of  defining  l  would  bo  as  the  ratio  of  the  small 
increase  (d\)  of  lines  to  the  small  increast-  (ii )  of  current  which  produce; 
them,  or  ia  symbols — 


L  = 


dc 


(2) 


This  ratio  would  depend  upon  the  angle  of  slope  of  the  magnetisation  curve 
at  the  point  under  consideration,  and  would,  therefore,  have  a  different 
value  at  different  points  on  the  hysteresis  loop. 

It  would  be  difficult  in  practice  to  introduce  into  the  calculations 
inductance  defined  as  in  (2)  and.  therefore,  as  a  compromise,  it  is  usual 
to  measure  either  (hrectly  or  indirectly  the  ratio  of  N  to  c  for  the  particular 
degree  of  magnetisation  which  is  being  used,  thus  adopting  the  definition 
in  (i),  with  however,  a  clear  perception  that  this  ratio  may  change  materi- 
ally tor  a  different  value  of  the  actual  or  the  maximum  magnetic  flux. 

riie  direct  measurement  of  i ,  of  course,  olttrs  no  diffK  ulty,  but  the 
direct  measurement  of  .N  is  not  an  easy  matter,  though  instrun)ents  known 
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a      flllMllit<l>    ll,|\i-    liri'H    il<\|.r(|    til)     tin      |.lll|Kii'         Iii'Imi.I     llhlll'"!.    .Ill", 

III  ii  toil-,  u  .ii.ilK   I  iii)'liiy><l.  'iinl  -.'iiiic  I'l  iliiM'  will  ii"\\   In   tli-iiilii(l. 

Ammeter  and  Voltmeter  Method.  Tli<  iim|>i.>i  hhiIk,.!  uinic 
a'Irinatc  t  iirtniis  aic  availabli:  )->  that  ('ipir(">|><iiuliti^  to  tlir  .iiitiit  nixl 
vojinicter  nn'tlidd  (m'i'  i>a^;e  7.)<()  <>f  mi.isuniif,'  lnu  ii;bj>lani  i-.  An 
.iltciiiator,  or  alttiuatt'  <nrrcnt  Ktiiu-iatoi  <;  (Fi^-  ~*'^)-  ^-upi'luf^  tlur  iii'  tss.tiy 
iinrnt  to  tli<;  t^ltu-.troina^nct  M  whoso  iivhutam  <:  is  to  Ix;  mfa^urol  TIh^ 
i.iii.--.  (iiiiiul  is  m(\asmi:(l  by  tlicaminttor  A  .ami  llioall'  Miator.  i>,  I  ctwci'ii 
the  terminals  a  b  of  the  clot  tronia^nnt  is  mcasuri.il  l>y  tliu  \i)ltnii  tor  v  . 
The  ratio  o(  the  two  f^ivcs  the  effective  impedance  (i)  oi  the  eleclromaKnet 
for  tlic  partimlar  cnrient  used.  This  iinj>edanee  is  cnnmcted  with  the 
indnrtanco  and  ohiuic  resistance  by  the  equation  (■;(•.■  ]>.i-e  54;)  — 

K    I  />  L'-  I' 


wiiencc. 


The.  methiHl,  tlierefore, 
it(|i:ires  llie  icsistance 
of  the  ( ..i!  autl  the  ]ier- 
i(Miii  ily  o.  the  testing 
current  to  be  known. 
The  former  can  be 
measured  by  one  ol  the 
usual  methods ;  the 
latter  can  either  be 
measured  with  ajipro- 
priate  apparatus  or  it 
can  be  calculated  from 
the  observed  speed  of 
the  j^enerato;  and  the 
number  of  its  pf>les. 
It  must  be  lemem- 
bered  that  Equation  (:5) 
is  only  line  when  the 
wave  form  of  the  test- 
ing current  follows  a 
smiple   sine-law.      For 


t  =  ^. '.'-!<■ 


(J) 

(4) 
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Fig.  7^?.— Indtirt^tin    t>   Auniictrr  dn  1  Vi.|fin''<''r 

the  reasons  given  above  the  values  of  L  obtaiui  d  w  11  dei'cud   upon    thf 
CUV  rents  used. 

The  Unit  of  Inductance. — If  the  01  r.j.:y  practic.ii  unus.  volts, 
amperes,  ohms,  etc.,  are  u^cd  in  the  above  equatons,  the  inductance  will 
be  exj'ussed  in  henries,  the  unit  of  inductance  in  the  piai  lical  ilectio 


786 


El  FXTRICITY   hV   THE    Sl-.RilCE   OF   Ma.V. 


w 

'I 


^. 


\\        \ 


magnetic  system  liav.n^-  hc^n  name  1  tin;  henry,  in  lionuur  of  Piofrssor 
Henry,  of  Princoton,  whosi;  c-.aiiy  txperiintnts  in  inductaiui;  will  be 
found  described  on  p;i{;i-  421.  For  our  present  i)uri)0sc  the  inductaiue 
of  a  circuit  in  henries  may  be  dclmed,  in  ac.  urclam  e  with  Iviuation  (i),  as 
the  number  of  lines  of  force  which  pass  through  the  circuit  uher  cne  ampere 
is  flowing  round  it. 

Another  way  of  lodking  at  the  matter  is  to  consid  r,  as  on  page  3;,)^, 
the  back  pressure  produced  n  a  circuit  when  the  current  is  rising.  This 
would  lead  to  the  definition  that  the  inductance  "f  a  circuit,  or  coil,  is 
one  henry  when  an  inductive  pressure  of  one  volt  i^  produced  in  the  circuit 

L  or   coil   hy   the  cvrrent 

changing  at  the  rate 
of  one  ampere  per 
second. 

There  are  other 
^ways  of  defm  ng  the 
henry,  but  it  need  only 
be  further  mentioned 
here  that  in  the  elec- 
tro-magnetic system  of 
units  an  inductance  is 
a  length  and,  therefore 
tlio  absolute  (c.g.s.) 
unit  of  inductance  is 
one  centimetre.  To  ht 
in     with     the     other 

rii;.  Tfii)-  R.yleigh's  Mtihoil  uf  Measuri'iK  Indnciaiicr  uuits    of    the    practical 

system,  the  practical  unit  iiust  be  10  absolute  units,  and  therefore  the 
henry  is  iC  centimetres,  or,  approximately,  the  distance  from  the  equator 
to  the  pole. 

Bridge  Methods. — Ouite  a  number  of  methods  of  measuring  indue  tanec 
arc  founded  upon  the  magnitude  of  the  inductive  effect  produced  when 
using  transient  currents  in  a  Wlicat stone's  Bridge  balanced  lor  steady 
currents  and  with  the  inductance  to  be  measured  in  one  ot  the  arms.  The 
Whcatstone  Bridge  method  of  measuring  resistance  has  already  been  fully 
described  {sec  page  7,5(1).  Tiie  connections  are  diagramniati'  ally  as  depicted 
in  Fig.  yfx),  in  which  r  is  the  resistance  to  be  measured,  and  P,  Q,  and  S 
the  balancing  resistances.  For  the  present  pnrjiose  the  gaUanomcter  g 
should  cither  be  a  liallistic  galvanometer,  or  a  galvanometer  which  can 
be  used  ballistically  (see  page  7^2). 

The  resistances  r,  q,  and  s  (,.c.  the  bridge  coils)  should  always  be  non- 
inductive  ;    if  then   the  resistance  r  be  inductive  (as,  for  instance,  if  it 
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consist  of  the  roils  of  an  cl.clioniai^ni't).  l>ahinro  lan  only  bi;  obtained  as 
ha^  already  been  cxplainod  (sec  pagt'  741),  by  closin-  tin;  l>altory  ki:y  ft, 
before  the  galvanometer  key  k  .  Lt-t  such  a  balance  be  obtained  .\-ry 
accurately;  that  is,  so  that  theic^  is  no  perceptible  movement  of  the  needle 
of  the  galvanometer  g.  This  can  be  most  readily  ai  complished  by  shunting 
the  balancing  coils  P  with  a  box  of  coils  of  much  higher  resistance,  and 
making  the  final  balance  by  altering  the  coils  in  this  shunt  box. 

With  the  bridge  now  balanced  lor  steady  currents,  it  will  be  round 
that  if  the  galvanometer  key  k,  be  closed  before  the  battery  key  A,  the 
galvanometer  needle  will  "  kick  "  ;  that  is,  there  will  be  a  momentary 
deflection  on  dosing  k„  after  which  the  needle  will  return  to  zero.  If  now, 
with  the  galvanometer  key  still  closed,  the  key  A,  be  opened,  there  will  be 
another  kick  in  the  opposite  direction,  but  whether  cijual  to  or  less  than  the 
preceding  kick  will  depend  upon  whether  or  not  the  magnetism  -o  lar 
disappears  from  the  electromagnet  as  to  bring  it  back  t(j  the  same  magnetic 
state  in  which  it  was  before  the  first  kick  was  taken. 

The  explanation  is  simple.  On  closing  A.  the  current  in  p  and  y  on  the 
non-inductive  side  and  the  potential  cf  the  point  b  take  their  final  valiii's 
practically  at  once.  On  the  other  side,  however,  the  inducl;mce  of  R 
retards  the  growth  of  the  current  by  the  back  E.  M.  F.  due  to  the  growing 
electromagnetism.  The  consequence  is  that,  although  the  final  potential 
readied  by  the  point  c  will  be  the  same  as  that  reached  by  the  jxiint  b, 
owing  to  this  retardation  it  does  not  reach  this  potential  so  ([uickly,  and 
during  this  interval  b  and  c  are  not  at  etjual  jxitentials,  and  a  transient 
current  flows  from  b  to  c,  causing  a  momentary  deflection  of  the 
galvanometer. 

It  is  ob\ious  that  the  amount  of  letaidation,  and  thrrt'fore  the 
magnitude  of  the  impulse  given  to  the  galvanometer  needle ,  will  d(!|  cud 
upon  the   amount  of    the  inductance,  or,  more   accurately,  on    the  time 


constant       of  the  coil  r.     The  deflection  being  a  niea.^ure  of  the  imi>ulso, 
R 

it  lemains  only  to  111, ik?  some  kind  of  calibrating  oxptMirnent  to  intripiet 
the  meaning  of  the  (k flection  (J,)  obtained.  This  can  be  done  by  a  method 
suggested  by  Lord  Kayleigh,  in  which,  after  observing  <),,  llit^  tialance  for 
steady  currents  is  disturbed  slightly  and  the  steady  deflect, on  e  due 
to  the  disturliance  is  observed,  the  galvanomctei  key  being  closed  as  in 
ordinary  biidce  testing,  after  the  battery  key,  and  the  battery  and  eveiy- 
thim;  else  remaining  unchanged. 

To  interpret  these  lesults  it  should  be  noted,  first,  tiiat  the  mtegral 
effect  of  the  impulse  given  to  the  gah  anometer  will  depend  ujion  the  total 
number  of  lines  packed  iiiti  the  coil  r  as  tiie  current  gmws  from  zero  to 
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its  I'lnal  value.     Tliis  number,  N,  by  h\'potIiPsis,  is  equal  tn  i.  c,  where  c 
is  llio  tinal  value  of   the  current,  and  vvc  have  the  proportionality  [see 


page  72J)— 


I.  C,    OC  SUl 


r, 


(5) 


W'lien  the  bridge  is  unbalanced  for  steady  currents  and  the  deflection  I, 
is  obtained,  this  deflection  is  due  to  a  steady  p.d.  between  h  and  c  which 
may  be  taken  to  be  equal  to  re,  if  >•  be  the  amount  by  which  the  equal 
balancing  resistance  has  to  be  altered  to  produce  3,.  This  assumes  that 
the  current  c  is  unchanged  by  the  alteration,  which,  of  course,  is  ouiy 
approximately  true,  but  is  usually  near  enough  for  the  difference  to  be 
neglected.     We  therefore  have  the  proportionality — 

rex  tan  5,  (6) 

The  law  of  the  galvanometer  is,  however,  not  the  same  for  the  two  methods 
of  working,  and  therefore  (5)  and  (6)  cannot  be  combined  without  intro- 
ducing a  factor  depending  on  these  differc.it  laws.  For  a  suspended  coil 
galvanometer  the  result  is : — 

.      \ 
Jl_^    =  I  ^r  (7) 

r  V.  T-     lan  n. 


where  T  is  the  periodic  time  of  a  ■  aiplete  oscillation  of  the  galvanometer 
needle,  and  tt  is  the  well-known  constant.  As  the  angles  of  deflection  are 
usually  small,  it  is  usual  to  regard  the  trigonometrical  ratios  as  proportional 
to  them,  in  which  case  the  above  equation  reduces  to 

r.  c  _  jr    2  (8) 

r  c  ~         I, 
whence, 


X.  = 


(9) 


If  damping  be  allowed  for,  the  last  e<]uatinn  becomes — 

■'■'  0.  (I  +  %  ) 


(10) 


where  \  is  the  logarithmic  decrement  (scf  page  724). 

In  actual  i)ractice,  for  reasons  which  we  have  not  space  to  dwell 
upiiu,  it  is  belter  to  use  a  reversing  key  for  k,  instead  of  a  simple  make  and 
break.     The  foinnila  (10)  must  be  modified  accmdingly. 

Tlie  above  method  has  been  described  at  some  length  because  it  is 
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the  starting-point   for  several  otlier  methods.      Its  iltvtiopments  must, 
however,  be  dealt  with  more  brielly. 

Clerk  Maxwell,  in  his  ejioch -makinf,'  treatise,  jHjinted  <>ut  that  if  a  fon- 
denser  were  placed  across  the  ann  of  the  hridj^e  opfwsite  to  tlu;  indm  tauce. 
as  shown  in  Fig.  770,  it  would  be  fwssible  to  obtain  a  balance  for  lK)tli 
steady  and  transient  currents.  The  obvious  effect  of  the  condenser  in  the 
position  indicated  is  to  retard  the  rise  of  potential  of  the  1  oint  h  when  the 
key  i4,  is  closed,  and  to  retaiJ  its  fall  whin  k  is  opined;  fi'i  eaeri,'v 
has  to  be  supplied  to  charge  the  condenser,  and  until  it  is  fully  chai>;<d 
the  potentials  at  h  and  1/  do  not  take  their  hnal  values.  As  the  imhn  tauce 
on  the  closing  of  A, 
delays  the  rise  of  po- 
tential at  c,  if  only  the 
rises  of  the  potential 
at  h  and  c  can  be 
arranged  to  take  place  ^, 
at  the  same  rate,  these 
points  will  always  be 
at  the  same  potential 
for  both  transient  and 
steady  currents,  and 
the  galvanometer  will 
show  no  deflection  if  k, 
be  kept  closed  while  k 
is  manipulated.  Since 
the  arm  Id  consists  of 
a  condenser  shunted 
with  a  resistance  and 
the  above  condition  will  be  lultilled 
be  the  same ;  that  is,  if : 


the 
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ami  rfc'   of    an  inductance    having   lesi'-tance. 
if  the  time-Constants  of  the  two  arms 


K 


=  QK 


whencvi 


since 


L  — Q  R  K  =S  P  K 
Q  R  =^S  P 


(II) 
(12) 

(>.;) 


is  the  condition  for  balance  for  steady  currents,  a  balance  which  must  be 
accurately  obtained  as  in  Rayleigh's  method. 

The  great  practical  objection  to  the  metlujd  is  that  it  requires  two 
conditions,  (12)  and  (13),  to  be  simultaneously  satisfied.  One  of  thesi!, 
(13),  is  easily  attained,  but  the  other,  (12),  is  mudi  nioic  difficult  with 
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ordinary  lalxnatory  ;ip|)li;inros,  wliirli,  as  a  rule,  do  not  includes  a  larf^e 
supply  (i|  adiuslal)lo  (-(indcnscrs.  I'r.  Siiniiincr  tlicicfori;  i)r()p<ised  that, 
balance  having  been  obtained  fur  steady  currents,  a  first  throw  (i),)  should 
be  taken  with  the  inductance  only  in  position,  as  in  Raylcigh's  method. 
The  known  capacity  x  was  then  to  be  connected  across  h  and  d,  and  without 
attempting  to  obtain  Maxwell's  double  balance,  a  second  throw  (SJ  was 
to  be  observed,  the  effect  of  the  capacity  being  to  dimmish  or  even  reverse 

the  earlier  throw  (3,). 
The  value  of    the   in 
ductance  can  then  be 
caUiilated  as  follows:    - 

L 
K 


QK 


wii- lue 


—  y  K 


R 

and 

finally 

1,    rr 

< )  K  K 

<J. 


Fig.  771. —  MoJificitioii  <i{  Maxwell's  Method. 
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Much  more  recently  it  has  been  suggested  that  Maxwell's  double  balance 
.an  be  obtained  rapidly  if  a  non-inductive  resistance  {^>)  be  inserted  in  the 
galvanometer  circuit  in  series  with  the  condenser,  as  shown  in  Fig.  7;'!. 
Provided  the  value  of  k  be  not  sufficient  of  itself  to  reverse  the  throw  J, 
obtained  with  the  inductance  only  in  t  iiruit,  it  will  be  ]K)ssible  by  varying 
fi  to  obtain  the  double  balaiue,  the  \  ahie  of  1.  being  given  by  the  e(juation 

L    -    K    (S  1-    -f    p    (K      f     S)  )  (15) 

(ondition  (13)  beint',  of  course,  simultaneously  fulfilled. 

In  all  the  above  e<juations  it  is  to  be  remembered  that  K  is  to  be 
expressed  in  furaJs.  and  not  in  microfaraih  [sec  page  12.5).  If  the  known 
value  is  in  microfarads  this  must  be  divided  by  10'  when  used  in  these 
e(juations.  The  result  will  be,  if  the  resistances  are  in  olims,  that  the 
inductance  will  bo  obtained  in  henries. 

The  Secohmmeter.--  \\\  ingenious  modification  of  Bridge  methods 
for  mi^a'uring  inductances  w.is  proposed  by  Professors  Ayrton  and  Perry 
manv  vears  ago.  Without  going  through  all  the  details  of  its  develop- 
ment. It  ma\'  be  explained  that  in  it^  present  f'    111  it  cciusists  of  two  levolv- 
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int;  romtiniliiliiis  iiioimic  il  mi  tlic  aiiu'  >li,ilt.  and  u^ii.illv  drivtii  hy  liaiul, 
tli<mf;li  It  i-^  ixis-iblr  li>  ari.iii,i;c  to  ill  ivt'  by  ;.!i  iliitiu:  motor.  ( >1U'  coill- 
iniilator  take-  tlir  jiLkc  oI  tlif  k(  y  k,  (Fig.  7i")),  and  llic  othiT  the  place 
of  till'  key  k..  Instead  of,  liosvcv  II ,  .11  tiiiL;  as  simple  Make  and  bleak  keys, 
botli  commutators  ad  as  re\ersmg  keys.  If  the  Lattery  comuctions  ol 
I'ig.  7(i<)  were  reversed  with 
tlie  ke\  A' dosed,  the  galvaii 
ometti  'he  biiilge  being 
aheadv  balanced  forstea<ly 
currents  would  receive  a 
number  of  impulsis  follow- 
ing one  another  rapidly  in 
ojiposite  directions,  and 
there  would  be  no  deflec- 
tion ot  the  galvanometer. 
If,  howe\er,  between  two 
succes>ive    reversals  ol    the 
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battery,  the  galvanometer  have  its  terminals  reversed,  then  all  the  impulses 
will  be  in  the  same  direction,  and  ili<^  galvanometer  will  give  a  steady 
deflection  depending  on  the  mean  value  of  the  impulses,  antl  therefore  on 
the  inductance  in  the  arm. 

The  actual  instrument  as  made  by  Messrs.  Nalder  IJros.  &  Co.  is  shown 

a  aiianged  to  l)e  driven  by  hand 
..  /T\  in  !•  ig.  77J,  and  Fig.  77.;  gives  a 
3  \\)  diagram  of  the  connections.  The 
two  coimnutators  are  mounted  on 
the  same  spindle  and  placed  one  on 
-1  either  side  of  the  box  containing  the 
I  driving  mechanism,  which  is  so 
!  geared  to  rotate  the  commutators 
1  as  to  give  either  four  or  twenty-four 
!  re\cisals  for  eacli  revolution  of  the 
j  dri\  ing  handle.  Fig.  77.5  is  almost 
self  explanatory :  o.i'.  is  the  gal- 
vanometer conunutator,  with  two  of 
its  opposite  brushes  joined  to  the 
gah  anometer,  and  the  other  two  to 
the  points  a  and  d  of  the  bridge. 
The  other  commutator  n.i  .  is  the  battery  conunutator,  with  two  of  its 
opposite  brushes  loined  to  the  batter\  terminals  and  the  other  t\v'o  to  the 
points  /)  and  i  of  the  briilge. 

If,  Ih.weNer,  tlie  experiment  Ih;  made  as  alwc,  then,  although  a  steady 
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deflection  will  be  obtaiiii'd,  it  is  dilliciilt  to  lal  Ijiate  (he  anaiiKiiiu'iit  so 
as  to  lediicc  the  actual  inductance  in  henries.  It  is  tnu-  that,  with  the 
commutator  running,  tlie  deflection  of  the  galvanomi  ter  may  be  reduced 
to  zero  by  increasing  the  resistance  on  the  am  v  of  the  bridge  opposed 
to  the  am  containing  the  inductance,  and  thus  what  has  been  sometimes 
erroneously  described  as  the  spurious  resistance  due  to  inductance  can 
be  ascertained.  But  an  inductance  in  henries  is  not  merely  a  resistance, 
but  a  resistance  measured  in  ohms  multiplied  by  a  time  measured  in  seconds  ; 
It  is,  indeed,  from  this  fact  that  tlie  inventors  named  the  instrument  the 
"  sec-ohm-meter  "  befc.  the  name  "  henr\  "  had  been  adopted  for  the  unit 
of  inductance.  Although,  however,  we  have  obtained  a  resistance  which 
balances  the  inductance  under  the  conditions  of  the  experiment,  we  have 
no  measurement  of  the  time-multiplier  necessary  to  convert  this  resistance 
into  inductance  measured  in  henries. 

The  arrangement  is  therefore  used  to  compare  an  unknown  with  a 
known  inductance,  and  for  this  purpose  it  is  necessary  '.o  have  standards 
</.  inductance,  preferably  adjustable  {see  page  794),  which  can  be  introduced 
into  the  arm  p  of  the  bridge.  Balance  being,  as  usual,  very  accurately 
obtained  for  -teady  currents,  the  commutators  are  run  and  balance  obtained 
for  variabli'  currents  by  altering  the  variable  standard  of  inductance.  If 
the  bridge  is  being  balanced  with  equal  arms,  the  two  indu.  tances  will  be 
equal,  but  if  the  arms  be  unequal,  it  is  the  time  constants  which  must  be 
equated,  and  we  have 

h  =  ±1 

R  P 

whence  L.  can  be  calculated  when  t,  is  known. 

Other  Bridge  Methods.~The  problem  of  modifying  the  application  of 
the  principles  involved  in  Bridge  methods  of  measuring  inductance  has 
attracted  a  fair  amount  of  attention  during  recent  years,  but  considerations 
of  space  lio  not  permit  the  results  to  be  described  in  detail.  Passing 
reference  may  be  made  to  a  series  of  such  methods  devised  by  Mr.  A. 
Campbell,  in  which  the  variable  standard  cf  mutual  inductance  described 
below  plays  a  prominent  part.  Tliis  mutual  inductance  can  be  used  in 
various  ways  to  balance  the  effect  of  an  unknown  inductance  or  capacity. 

The  Barretter.— An  ingenious  method  of  measuring  small  currents  of 
high  frequency  has  been  elaborated  during  the  last  few  years  by  use  of  the 
bolometer,  or,  as  it  is  now  called,  the  "  Barretter."  Tliis  consists  of  a 
conductor  of  very  small  mass  with  a  high  temperature  coefficient,  so  that 
when  a  small  continuous  or  alternate  current  passes  through  it  its  lesistance 
is  appreciably  altered  ;  any  balance  depending  on  this  resistance  is  thereby 
disturbed,  and  thus  it  can  be  employed  to  measure  inductance.  The  bolo- 
meter itself  was  used  by  Langley  some  twenty  years  ago  in  quite  a  different 
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manner  in  a  scrirs  of  most  interesting  researches.  For  the  construr.tioii 
of  the  l)arri'lter  tine  jilatinum  wires  and  otlier  materials  have  been  used, 
lint  Dr.  Hayes  found  that  a  low  voltage  carbon  lamp  witii  a  line  filament 
acted  very  well,  and  it  is  a  method  based  upon  this  discovery  and  elaborated 
by  Mr.  li.  S.  Cohen  and  Mr.  G.  M.  Shepherd  in  some  tt^lephonic  researches 
which  will  now  be  described  as  ajiplied  to  the  measurement  of  mductance. 

The  dia(,'rammatic  arrangement  of  the  ai)i>aratus  is  shown  in  Fig.  774, 
in  which  the  two  hne  filament  carbon  lamps  marked  "  Barretter,"  will  be 
found  to  be  on  the  circuits  of  the  batteries  h,  and  6,  respectively,  which  are 
closed  through  the  galvanometer  c,  the  "  Inductance  Coils "  and  the 
"  -\djustable  Resistances."  It  will  bo  noticed  that  the  two  batteries  tend 
to  send  currents  in  opposite  directions  through  the  galvanometer,  and  the 
adjustable  resistances  are  to  be  adjusted  until  the  galvanometer  shows 
no  current.  If,  now,  small  but  unequal  continuous  or  alternate  currents 
from  any  other  s(jurces  are  passed  through  the  barretters  this  balance 
will  be  destroyed,  and  "  ji  only 
be  restoretl  by  bringing  the  re- 
sistance of  the  barretters  back 
to  e(}uality.  To  complete  the 
ecjuiprnent  of  the  apparatus, 
each  barretter,  i.e.  each  of  the 
carbon  lamps,  has  its  poles 
bridged  by  a  shunt  with  two  2-micro farad  condensers  interposed  between 
the  lamp  and  the  shunt. 

To  use  the  apparatus  for  the  measurement  of  inductance  the  opposite 
entls  of  the  shunts  are  connected  to  a  sine-wuve  alternator  of  high  periodicity 
or  some  other  source  of  high-frequency  currents.  In  one  of  the  alternator 
currents  the  inductance  b  to  be  measured  is  inserted,  and  in  the  other  an 
inductionless  resistance  A,  which  can  be  adjusted  so  as  to  restore  the  balance 
if  disturbed.  These  high-frequency  currents  cannot  directly  attVct  the 
galvanometer,  because  in  the  first  place  the  latter  is,  or  may  be,  only 
deflected  by  continuous  currents,  and  also  because  the  high  inductance 
of  the  inductances  near  G  effectively  choke  them  oft.  The  alternate 
currents  can,  however,  easily  pass  through  the  barretters,  which  for  them 
are  low-resistance  shunts  on  the  galvanometer  and  its  inductances.  The 
barretter  filaments  are,  therefore,  heated,  and  unless  the  heating  effect 
be  the  same  in  each,  their  resistances  will  be  differently  varied,  and  tlu; 
batteries  h,  and  h,  will  act  uncjually  on  the  galvanometer,  which  will, 
therefore  show  a  deflection.  Tlie  resistance  a  is  then  to  be  varied  until 
the  balance  is  restored.  Wlien  this  takes  place,  it  may  be  assumed  that 
the  currents  through  the  two  filaments  are  equ.il,  Wh-  voltage  impressed 
upon  each  circuit  by  the  alternator  is  the  same,  and,  making  proper  allow- 
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aiicos  for  tin;  imptdanrcs  and  pluiM^  ilisplarcnicnls  nf  tlie  various  parts 
of  each  alternator  circuit,  it  is  possible  to  express  the  impedance  of  B,  and, 
therefore,  its  inductance,  in  terms  of  the  known  resistances,  capacities,  etc. 
The  apparatus,  as  made  by  Mr.  R.  \V.  Paul,  is  contained  in  a  box 
(fig.  773)  in  which  are  the  two  barretters  placed  side  by  side  so  that  ordinary 
atmospheric  changes  of  temperature  shall  affect  each  in  the  same  way. 
In  addition  the  box  contains  the  four  inductances,  the  adjustable  resist- 
ances for  the  batterj-  circuits,  the  condensers  and  shunts  with  the  adjustable 
resistance  \  for  the  alternate  current  circuits.  The  binding  screws  on  the 
left  are  for  the  purposes  of  making  connections  to  the  galvanometer, 
batteries,  alternator,  inductance  under  test,  etc. 

Standards  of  Inductance.— From  the  foregoing  it  will  be  evident  that 
the  determination  of  the  inductances  of  various  kinds  of  apparatus  used 

in  alternate  and  variable  current 
working  will  be  much  facilitated 
if  standards  of  inductance  are 
available  in  a  manner  similar  to 
standards  of  resistances,  and  if 
these  can  be  obtained  in  sutiicient 
numbers  and  values  to  deal  with 
I  the  whole  range  of  inductances  to 
be  tested.  Such  standards,  as  a 
matter  of  fact,  are  available,  but 

>  ~'^^^e_r  w    ""*  ^^  y^*   ^°  ^^^  ^^"^^  extent 

and  variety  as  standards  of  re- 
sistance.    They    fall    into    tno 

Fi«.  ;:3.-..,rr..  cr  Appara.,,.  '^^''f.  \  ^^  «'^/'«'''W''  Standards, 

m  which  by  the  movement  of 
some  part  of  the  apparatus  ,ne  value  of  the  inductance  can  be  varied  over 
a  . crfain  range ;  and  (ii.)  fixfd  standards,  in  which  each  inductance,  like 
cai  h  resistance  coil,  has  one  definite  value  which  cannot  be  changed. 

.1  dJHStahlcStamhird  Inductances.— The  earliest  pattern  of  astandard  induct- 
ance of  this  type  was  designed  by  Professors  Ayrton  and  Perry,  and  is  shown 
in  Fig.  776,  as  now  constructed  by  Messrs.  Nalder  Bros,  and  Co.  The 
circuit  between  the  two  terminals  seen  on  the  front  of  the  baseboard  is 
divided  into  two  parts.  One  of  these  consists  of  well-insulated,  double 
silk-covered,  copper  wire  wound  on  the  movable  spherical  zone  s,  wliich 
is  mounted  so  that  it  can  be  rotated  round  a  vertical  axis  of  the  sphere  of 
which  it  forms  a  part.  To  realise  the  shape  of  this  the  reader  can  imagine 
a  hollow  terrestrial  globe  with  the  temperate  and  polar  portions  removed 
at  the  two  tropical  circles  and  the  equatorial  belt  mounted  so  as  to  rotate 
round  one  of  the  diameters  of  the  equator.     The  other  part  of  the  circuit 
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is  wound  uimhi  a  similar  zont'  of  a  conccntiir  j-plion-.  tliis  zuiif  liciii;^  IimiI 
Ijctwccu  llic  ii|iiif^ht  plates  />,  aiul  />,.  The  two  wiiuiings  uiicu  s  lie  also 
between  p,  and  p,  are  very  close  together,  and  the  inductance  is  the  mutual 
inductance  of  these  windin(,'s 
on  one  another,  an  inductance 
the  value  of  which  can  be 
calculated  mathematically  by 
well-known  methods.  The 
mathematical  law  of  the  vari- 
ation of  tlie  inductance  as  the 
inner  coil  is  rotated  is  also 
known,  and  therefore  the  value 
of  the  inductance  for  any 
position  of  the  inner  coil,  as 
indicated  by  the  pointer  which  > 
can  be  seen  on  the  top  dial, 
can  be  calculated  and  marked 
on  that  dial. 

One  or  two  points  of  in- 
terest should  be  noted.  In 
the  first  place,  there  is  no  iron 
core  to  either  coil,  and  therefore  the  value  of  L  follows  the  simple 
delmition  given  in  equation  (i),  jiage  71^4,  and  is  the  same  for  all  \alues 
of  the  current  in  the  coils.     In  the  second  place,  there  is  no  metal  in  the 
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Fig.  77;.— Ciiciiits.  Fitf.  778.— Section  through  Coils. 

C.iiiipl'cirs  Adjuf.table  Cylindrlc  Standard  of  Inductance 

neighbourhood  of  the  inductive  circuits  in  which  eddy  currents  could  be 

set  up,  which,  by  their  iiiduclive  ieaclioti.  would  disluib  the  \auu:  of  the 
inductance  of  the  standard.     The  zones  on  \i!iich  the  wires  arc  wound  are 
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constriicttd  fiuirely  of  \v.«h1  or  ilxmite,  and  arc  lino  specinuns  of  tlic 
cabinulmakirs  art.    The  raiif^o  of  the  instruinciit  is  from  about  4  to  40 

millihenriis.  111 

A  standard  of  inductance  consisting  of  cjlindric  coils  so  placed  relatively 
to  one  another  that  their  mutual  inductance  can  be  mathematically  cal- 
culated has  been  designed  by  Mr.  A.  Campbell,  of  the  National  Physical 
I.alxiratory.  It  is  shown  diagrammatically  in  Fig.  777,  and  in  diagram- 
matic section  in  Fig.  778.  One  of  the  circuits  consists  of  the  co-axial  coils 
p  and  P.  which  are  such  a  distance  apart  that  the  coil  s,  can  be  placed  between 

them.  The  coil  s,  is  in  another  circuit 
having  its  terminals  at  <;  and  F,  and 
can  be  placed  in  series  with,  or  dis- 
connected from,  the  coil  s,  wiiich  is 
concentric  with  and  within  p.  The  coil 
s,  can  be  rotated  round  an  eccentric 
axis  A,  its  position  being  indicated  by 
an  indicating  finger  f  moving  over  a 
dial,  which  can  be  seen  better  in  Fig. 
77<j,  which  shows  the  external  apjiear- 
ance  of  the  apparatus.  By  connecting 
the  link  shown  at  H  (Fig.  777)  to 
either  g  or  f,  the  current  in  s,  can  be 
made  either  to  assist  or  to  oppose  the 
current  in  s,  and  thus  increase  the 
range  of  the  instrument.  The  coil  s  is 
wound  in  ten  sections,  one  or  more  of 
which  can  be  brought  into  circuit  by  a 
movable  contact  finger,  as  shown  in 
Figs.  777  and  779.  The  coils  p  and  p,  are 
wound  in  two  sections,  one  of  which  has  nine  times  the  number  of  turns  of  the 
other,  so  that  when  both  sections  are  in  series  the  inductive  effect  on  s 
and  s.  is  ten  times  what  it  is  when  one  section  only  is  used ;  by  bringing  out 
the  centre  point  of  each  winding  to  a  separate  terminal  (not  shown  in  the 
figures),  a  position  of  zero  inductance  can  be  obtained,  using  which,  the  range 
of  the  instalment  is  from  zero  to  10,000  microhenries  or  10  millihenries. 
Non-adjustable  or  Fixed  Standards. — The  disadvantages  of  the  above 
standards  are  (i.)  that  the  inductances  attainable  are  comparatively 
small  because  of  the  necessity  for  making  the  coils  of  a  size  so  large  that 
every  dimension  aiid  the  position  of  each  turn  can  be  determined  with  a 
hi^h  degree  of  accuracy  ;  and  (ii.)  the  method  of  construction  is  necessarily 
costly  if  even  reasonable  accuracy  is  to  be  attained. 

Standards  of  inductance  of  a  definite  fixed  value  arid  of  a  simple  pattern 
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have,  then  f(  irc,  Ixin  oiiinIhu  ti<l.  Tli«v  arc  oiil>  .>f  iii>iil,iln!  tiip|>»r 
wire  wound  with  a  luiinlMi  of  tiiiiis  ;i^  Iirgi'  as  jH>^Ml)lt'  ami  wilhnut  imn 
or  aiiy  uiat,'nctic  or  condiictinR  inatt^rial  othor  than  the  (i>|>|>«r  wiie  in 
tlicir  viiiuity.  Since  the  inductar.cc  of  siuhacnil  dtipends  on  tlie  si/uarc 
of  its  number  of  turns,  it  is  easy  to  reach  higher  values  than  thosi- f;ivcn 
above,  and  single  coils  having  an  inductance  up  to  one  henr>'  can  be  obtained 
at  a  comparatively  small  cost.  If  heavy  currents  are  to  be  carrii-d  or  high 
frequencies  used,  the  wires  of  the  coils  should  be  carefully  stranded.  The 
A  B  c  n  K 


I' Ik.  780.— Ki  l.iiive  positions  to  secure  miniiiiuni  ot  no  Mutual  Inductance. 


inductauoa  of  such  coik  cannot  be  calculated,  but  must  be  determined  by 
direct  experiment. 

If  it  be  desired  for  convenience  to  place  several  such  coils  in  a  riiikIc  Ix'X 
great  care  must  be  taken  that  they  are  so  placed  as  nf)t  lo  act  imluctively 
on  one  another.  To  secure  this,  the  magnetic  held  sot  up  by  one  coil  must 
not  have  any  lines  looping  through  any  of  the  other  coils.  Unless  this 
condition  be  sati-fied  there  would  be  mutual  inductance  between  the  coils 
if  used  simultaneously  in  the  same  test.  For  instance,  if  three  coils  are  to 
be  assembled  in  a  box  their  axes  should  be  mutually  at  right  angles  wu. 
their  centres  on  the  same  straight 
line,  as  are  the  axes  of  the  circles 
.\  R  and  c  in  Fig.  780.  If  the 
distance  apart  be  sufficiently  great, 
additional  toils,  D,  E,  etc.,  may  be 
introduced  in  the  same  sequence  as- 
to  the  position  of  their  planes,  bur! 
careful  tests  should  be  made  to  be 
certain   that    the   condition    of    no         fi^.tk  .-F.iejsundardsof  m.iuctanc.. 
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mutual  inductance  is  fultillcd.  In  Fig.  7S1  is  shown  a  box  made  by 
Messrs.  Nalder  Bros,  and  Co.,  containing  four  such  inductances  arrangtd 
as  A,  B,  c  and  d  of  Fig.  7S0,  and  having  the  values  10,  20,  ^o  and  40  milli- 
henries. The  coils  are  inserted  in  the  circuit  between  the  two  tenninal 
screws  by  withdrawing  the  respective  plugs  exactly  in  the  same  way  as 
ordinary  resistances. 

VI.— ME.\SIREMF,NT   OF    C.\P.\C1TY 

Various  methods  of  measuiing  tapaciiy  have  already  been  described 
(sc  pages  757  to  762) ;  there  are,  however,  numerous  other  methods  possible 
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wliiti  altriiialc  lurri'iils  arc  avail. ihlf,  .iikI  as  <'.\aii)|ilos,  ><\\f  im  two  ot  ilirt 
arc  \i\\'iu  Ii(;ttj. 

Ammeter  and  Voltmeter  Method.  Thr  simi)lcst  ni  tlmsc  coitt,i.s(s 
in  nuasuriiij,'  the  alteiiuitc  ciincii*  winch  p;isses,  wh«Mi  a  iiieaMircd  alternate 
voltaic  ot  kiunvn  periodicity  is  placed  un  the  toiniiiials  of  the  condcnsrr 
whose  japacily  is  reqiiired.  The  coniiectinns  arc  sliown  in  Fig.  782,  and  arc 
similar  to  the  ct)rrespondiiif,'  methiKl  (s,<-  page  7.S3)  fc  measuring  imhiclance. 
To  interpret  the  results,  wc  have  (sec  page  547)  for  sinusoidal  currents  and 
with  a  resistance  in  series  with  the  condenser,  the  equation. 

In  the  present  ( as(;  r  is  negligible  and  the  equation  becomes 

V;.  I 


or 


K  =- 


when    K    will    he  (;ivcn  in  ftiriitl>  ii  <     and  \    are  in 
and  /)  has  the  usual  value  Jjt/;  wiieie  n  is  the  pe',  ■ 


am  pet  i  .  and  "olts, 
icity. 

Bridgre  Methods.— 

For  comparison  with  a 
known  inductance 
bridge  methods  are 
available,  and  e(|\ia(i.')ii> 
(ij)  and  '15)  on  p.i^es 
/N'l  and  700  may  Ix- 
regarded  citln  i  as  givint; 
the  value  of  the  induct 
ancc  when  the  capacity 
is  known,  or  the  \,iluc 
of  the  capacity  wiien  the 
inductance  is  known 
Two  capacities  li, 
however,  be  direcii) 
compared  by  bridge 
methods  if  the  brid-.-  be 
arranged  as  in  Fig.  7^: , 
As  there  is  no  prelimin- 
ary balance  !or  steady 
currents,  bccaiisc  such 
currents  camiot  be  set  up,  the  k(!y  K,  can  be  permanently  closed,  and  the 
balancing  ( onsists  in  adjusting  the  resistances  q  and  s  tiiitil  the  galvanometer 
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n"'>>^  .'  .'iii>l  •« 
CMinimiuM  ill'  '1 
Ralvanoincti r  win  n  llu' 
balance  is  far  \\<nn  hcini; 
perfe<:t  wi!    1^'   small. 

Use  of  llu-  Siohm- 
mcler.  —  Tin;  above"* 
Pi' tlmd  will  obviously 
li<  icndi."- !  more  >■  ii- 
sitive  ly  n-ing  the 
secohmmoter,  and  the 
diagramui.uif,  arranf^e- 
i.vnt  lor  this  purpoM: 
Is  sh"wn  in  Fig.  784, 
for  whicli  the  equation 
given  ,ibovc  will  Imld 
when  balance  is  ob- 
tain! il.  The  mcthotl  wi. 
given  of  the  njea^ureni<:n 
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;tric  jinwir 
.:  a  continuous-current  circuit  tlie 
pi  net  of  liie  amperes  measured  on 
unperemetci  by  the  volt^  nie.i 
d  on  a  voltmeter  will  ^,'ivi  (he 
,.>wcr  in  waits;  or  the  use  n|  (wn 
instrunuiits  and  double  readings 
may  be  avoided  by  the  use  of  a 
waitmeter,  which  automatically  in 
diiatiN  the  abt've  product. 

In  measuring  alternate-curient 
powci  llie  tn>t  method  is  not  avail- 
able, 01  laiher  it  reipiires  the  de 
te  in  luitiiiii  and  tise  ol  an  adiMional 
.ccirical  power  can  be  ascertained  by  it.  The  fact 
pressed  E.M.F.  may  not  be  in  step  with  one  another 
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has  to  be  taken  into  account.  An  insfMction  of  the  « urvcs  for  current 
and  improH'd  volts,  j^ivcn  in  FiRs.  516  and  520,  shows  that  whether  the 
current  lags  or  leads  the  period  of  a  cr)mi>l(!t<:  alternation  of  ctirrcnt-  • 
D  to  T  (P'ig.  7f<5)  may  Ije  divided  into  four  j>arts,  in  two  nf  which  the 
amperes  and  volts  have  the  same  sign,  cither  both  +  or  both  — ,  whilst 
in  the  other  two  they  arc  of  opposite  signs,  one  being  -f"  and  the  other  — . 
Now  the  product  in  botli  the  ^rst  two  rases  is  +,  which  means  that  power 
is  being  given  to  the  circuit ;   but  in  both  of  the  last  two  cases  the  product 

is  — ,  which  means  that 
power  is  being  given  out 
by,  or  lost  to,  the  circuit, 
which  (luring  these  in- 
tervals is  driving  the 
/generator  as  a  motor. 
-Jf  Thus  if  the  products  Ikj 
plotted  as  in  the  lower 
part  of  the  figure  we  get 
two  large  -(-  loops,  2 
and  4,  and  two  small  — 
loo])s,  I  and  3.  Moreover, 
the  greater  the  lag  or  lead 
the  longer  and  larger  do 
the  •—  intervals  become, 
whilst  the  +  intervals 
are  correspondingly 
shortened  and  diminished. 
^It  is,  therefore,  quite  cvi 
■^dent  that  the  am<  unt  of 
lag  or  lead  has  a  very 
serious  effect  on  the  power 
FiR.  rPs  -  rower  in  an  '  iduciive  rircait.  developed   in  the  circuit, 

tor  the  net  (xjwer  must  bo  the  difference  between  the  sum  of  all  the  -|- 
intervals  and  the  sum  of  all  the  —  intervals. 

Now  the  sine-law  equations  for  the  v..  M.  F.  and  current  at  any  instant, 
allowing  for  the  difference  of  phase,  may  be  written  {%ee  pages  542  to  548) 

E  =  E„  Sin  pt.  (1) 

c.  =  r.  Sin  (/it.  ±    )  (2) 

wh^TC  Eg  and  r„  are  the  maximum  values  and  X  is  the  angle  of  lead  (-t-  X) 
or  lag  (  "  X).     The  instantaneous  value  of  the  jxwer  is  theiefore 

I'  =  K  r  =  Vo  I  ;,  Sin/t.  Sin  (/t.  ±  X)  (3) 

and  the  mean  value  of  the  power  or  the  trut  watts  will  be  obtained  by 
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finding  the  mean  value  of  the  Ia>^t  expression.     Tl 
as  folli  iws  ■   - 

Mean  p-wer  (tnie  watt-)  ^  A  K„r„C<»X 
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Or  the  true  power  can  be  found  by  multiplying  the  readinRs  of  an  anunrter 
and  a  voltmeter  which  give  r.m.s.  values,  and  then  further  mv.ltiplying 
the  product  by  the  cosine  of  the  angle  of  lead  or  lag. 

As  Cos  X  is  always  a  proper  fraction,  except  when  \  =  o,  when  il  becomes 
unity,  this  last  multiplier  is  always  of  tlie  nature  of  a  reducing  fact<ir,  and 
is  usually  referred  to  as  the  fmccr-factor.  It  becomes  smaller  and  smaller 
as  X  increases,  and  for  large  values  of  X,  approximating  to  90°,  its  effect 
becomes  very  serious.  For  instance,  supixise  the  ammeter  reads  mo 
amperes  (r.m.s.)  and  the  voltmeter  200  volts  (r.m.s.).  If  there  were  m. 
lag  the  power  would  be  100   x   200  =   20,ono,  or  20  kilowatts.     Hut  if  the 

lag  be  very  large  (say  50",  or  ;/^,ths  of  a  full  period),  then,  since  Cos  \ 

0643,  the  actual  j^wcr  is  only  20  x  o  643  i.'  86  kilowatts.  Or.  putting 
it  otherwise,  in  order  to  obtain  20  kilowatts  with  this  anicmnt  of  I.ig  we  should 
require  155  5  amperes  at  200  volts  to  flow  thnnigh  the  circuit.  Sui  h  a 
current  would  produce  in  a  given  resistance  24  times  the  heat  produced 
by  a  current  of  100  amperes;  hence  it  is  obvious  that  the  ainoiuit  of  lag  is 
a  very  important  factor  when  a  given  quantity  of  power  has  to  be  dealt 
with. 

Wattmeters. — In  order  to  measure  the  ix)wer  in  an  alternate  current 
circuit  as  expressed  by  the  right-hand  side  of  equation  (4),  three  instruments 
would  be  required, namely,  a"  voltmeter,"  an  "ammeter,"  and  a  "  power  factor 
indicator,"  and  if  the  power  were  fluctuating  these  would  have  to  be  read  simul- 
taneously. Even  in  continuous  curront  circuits  where  Cos  X  is  always  -=  i ,  two 
instruments  would  Ix;  necessary.  For  both  kinds  of  circuits,  therefore,  an 
instrument  whose  reading  depends  on  tin;  firodmi  of  the  instunlanenus 
values  of  the  pressure  and  current  in  the  circuit  is  the  ])roper  instnunent 
to  use  when  only  the  |X)wer  has  to  be  measured.  Such  instruments  are 
called  wattmeters,  and  the  principles  underlying  their  cons'ruction  and 
use  have  been  explained  in  a  previous  chapter  {see  pagi-  ^yo).  One  <.(  the 
eleetro-dynamomdcrs  there  referred  to  will  be  found  described  on  p.iL;i'  7.!! 
as  a  curr  .nt-mcasuring  instrument.  With  its  suspended  coil  rei'laced 
1)V  a  line  wire  coil  of  many  turns  brought  into  circuit,  as  shown  in  Fig.  .;5o, 
it  is  an  excellent  wattmeter.  Instead,  however,  of  reconsidering  this  instru- 
ment so  modified,  it  will  be  more  interesting  to  place  tin  record  <letails  of 
another  early  pattern  of  electro-dynamometer  wattmeter  designed  by  Mr. 
51 
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Jamns  Swinlmrnc.  i'if,'.  786  -hows  the  oulwaid  ajiixMiuiici!  of  this  instru- 
ment, and  Fig.  787  depicts  it  on  a  laifjer  scale  with  the  outer  case  removed. 
In  this  instrument  there  are  two  fixed  coils,  one  of  which  is  seen  in  position 
in  Fig.  7S7,  and  whicli  carry  the  whole  current  of  the  circuit  the  power  of 
which  is  to  be  measured.  These  coils,  therefore,  act  as  the  ammeter  section 
of  the  instrument.  They  slide  on  four  brass  pins,  on  which  they  aie 
clamped  in  position  and  placed  in  connection  with  the  current  terminals. 
The  movable  coil  is  quite  small,  and  consists  of  fine  wire  wound  on  a  mica 
cylinder  mounted  on  an  ivory  spindle  wliich  pasrn^s  throuf;h  guide  holes 
above  and  below  the  coil.    The  spindle  and  coil  are  suspended  between 


Fig.  fS6— Swinburne  s  Non-inductive  Walimner.         FIr.  787.— Inirrinr  of  Swinburne's  W'jtimeler. 

two  strips  of  jihusphor  bronze  strctchdl  taut  above  and  below,  through 
which  the  current  is  conveyed  to  and  from  the  movable  coil.  An  index 
attached  to  the  lower  end  of  the  spindK  move>  to  and  fro  over  a  fiduciary 
mark  on  the  bevelled  block  seen  at  t!m  lower  part  of  Fig.  787  and  which 
is  illuminated  by  a  little  window  in  the  case  (Fig.  78C).  The  position  of 
this  pointer,  however,  is  observed  through  an  opening  in  the  scale  plate  at 
the  top.  The  upper  end  of  the  top  suspending  strip  is  attached  to  ihe 
usual  torsion  head  which  carries  the  pointer  which  indicates  tlie  amount 
of  torsion,  or  the  watts,  on  the  s<ale. 

The  tine  wire  coil  is  connected,  through  a  large;  non-inductive  resistance 
carried  in  the  base,  to  the  pressure  terminals  of  the  insliiinicnt,  and  there- 
fore carries  a  current  proportional  to  and  practiially  in  phase  Vtfith,  the 
volts.     The  torque  tending  to  turn  this  coil  troni  its  zero  position  at  any 
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instant,  is  proportional  to  the  prmliirt  of  tlic  currents  in  the  fixed  and 
movable  coils  at  that  instant.  It  is  therefore  proportional  to  the  instan- 
taneous value  of  the  power,  and  its  mean  value  during  a  complete  alternation 
is  proportional  to  the  mean  watts.  This  torque  is  balanced  by  the  torsion 
of  the  suspending  strip,  which  is  proportional  to  the  angle  of  torsion  as 
indicated  on  the  scale  when  the  suspended  coil  has  been  brought  back  to 
zero.  This  scale  can  therefore  be  graduated  directly  in  watts,  which  will  be 
proportional  to  the  angle  of  torsion. 

When  high  pressures  such  as,  say,  2,000  volts  are  being  used,  additional 
non-inductive  resistances  (r.  Fig.  350)  of  the  order  of  80,000  ohms  are 
put  in  series  with  the  fine  wire  coil.  These  are  usually  placed  in  a  separate 
Lox.  With  such 
high  resistances  in 
series  with  it  the 
time-constant  '/r of 
the  fine  wire  coil, 
and  therefore  the 
lag  of  its  c.  rent, 
arc  said  to  be  negli- 
gible. Modem  ex- 
.iinples  of  alternate- 
current  wattmeters 
will  be  described  in 
the  technological 
section. 

Deflectional 
Wattmeters.— 
One  practical  ob- 
jection to  the  forego- 
ing instruments  is  that  they  arc  fixed  position  instruments,  that  is  their  moving 
parts  have  to  be  brought  to  a  fixed  position  befovc  a  reading  can  Ix*  taken. 
If  therefore  the  power  alters  whilst  the  necessary  adjustment  is  being  made, 
the  opportunity  for  taking  the  reading  passes  away  and  may  not  recur. 
A  demand  has  therefore  arisen  for  deflectional  instruments,  that  is,  instru- 
ments in  which  a  pointer  moving  over  a  scale  indicates  from  moment  to 
moment  the  power  in  the  circuit.  Some  of  these  have  many  fe.itures  in 
common  with  the  instruments  just  described,  and  the  whole  subject  of 
wattmeters  from  the  point  of  viiw  of  the  requirements  of  the  engineer  is 
i.ealt  with  in  Vol.  II.  It  will  be  of  interest,  however,  to  describe 
briefly  hert  one  of  the  deflectional  instruments  in  connection  with  the 
general  principles  of  electrical  measurements  with  which  at  this  stage  we 
are  more  immediately  concerned.    For  this  purpose  is  selected  an  instru- 
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ment  <r.iistru(  t.d  hy  Messrs.  Jiverett,  Edf,'ciunb(;  and  Co.,  which  is  shown 
partially  dissoctfd  in  l-'if,'.  7f<8  and  comi>lntfi  in  Fig  7.S<). 

The  chief  points  aimed  at  in  the  design  are  (i.)  the  reduction  of  eddy 
currents  to  a  negligible  .piantity  by  the  elimination  of  metal  as  far  as  possible 
from  the  construction  ;  (li.)  effective  air-damping,  so  that  the  movement.^ 
of  the  moving  part  shall  be  dead  beat ;  (iii.)  very  small  inductance  of  the 
pressure  coil ;    and  (iv.)   good  mechanical  design  in  all  parts. 

As  usual,  the  fixed  coils  a  a  (Fig.  7NH)  carry  the  main  current,  and 
the  moving  coil  H  the  voltage  current.  The  webbed  outer  metal  frame 
c  is  made  as  light  as  possible,  and  of  German  silver,  whose  low 
conductivity  stiU  further  diminishes  any  eddy  currents  which  may   be 

formed.  It  is  lined  with  insulat- 
ing material  d.  And.  in  the  hollow 
space  so  formed  the  current  coils 
A  A,  properly  wound  and  taped, 
are  fixed,  being  held  in  their 
places  by  the  non-conducting 
strips  B  B.  The  moving  coil  h  is 
j  wound  upon  a  small  and  light 
'  ebonite  former,  which  is  mounted 
upon  the  axis,  and  also  carries 
the  pointer  and  the  disc  of  the 
damping  arrangement,  which  will 
be  more  fully  described  later  in 
connection  with  the  same  firm's 
ammeters  and  voltmeters.  Its 
Fig.  ?s9.-E.E.c.  Deflcctionai  waitmeief.  movement  IS  Controlled  by  two 

spiral  springs,  which,  connected  1-  parallel,  convey  the  current  to  the 
nio\ing  coil,  the  other  connection  being  made  by  a  flexible  silver  strip 
which  practically  e.\erts  no  torque.  The  outer  case  is  made  of  insulating 
material,  which  tends  to  ensure  good  insulation  when  the  instrument  is 
used  on  high  pressure  circuits,  and  at  the  same  time  eliminates  eddy 
currents  from  this  part  of  it. 

Methods  of  measuring  alternate-current  power,  employing  ordinary 
alternate-current  ammeters  and  voltmeters,  which  give  the  root-mean- 
stjuarc  value  of  the  quantity  measured,  have  been  elaborated  by  Professor 
Ayrton.  L>r.  Sumpner,  Dr.  Fleming,  and  others.  The  connections  for  one 
of  these  methods  are  shown  iu  Fig.  7i|0.  Three  Siemens  electro-dynamo- 
meters used  as  ammeters  are  the  instruments  employed.  The  object  is 
to  measure  the  jiower  being  used  in  an  alternate-current  circuit  between 
the  points  a  .uid  />■  To  effect  this  a  non-inductive  shunt  of  known  resist- 
ance f  is  placed  across  the  circuit,  the  current  in  this  shunt  being  measured 
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by  an  aminuter  a,.  The  otlu'i  two  aiiinutirs  <i,  and  1/,  aro  plai  .■>!  so  tli;it 
a,  takes  the  current  in  ah  and  i7,,  the  t()t;d  current  passing  tliic.ui;h  Ixilh 
circuits.  Alth.)U(;li  at  every  instant  the  current  in  <i,  is  equal  tu  the  >uin 
of  the  currents  in  d,  and  a„  the  readings  of  the  tliree  nistruimnts  are  \\<A 
similarly  related,  and  it  can  be  shown  mathematically  that  the  power  um  d 
in  a  6  is  given  by  the  formula 

v  =  -(k;—  a;  —  a;) 

where  a,,  a„  and  a^  are  the  readings  in  amperes  of  the  three  instruments, 
and  r  is  the  v.due  of  the  non-inductivo  resistance.  A  serious  pract.cal 
objection  to  this  and  similar  methods  is  that  good 
results  arc  only  obtainable  when  the  power  ab- 
sorbed by  the  non-inductive  shunt  is  comparable 
with  the  power  used  in  a  b. 

Polyphase    Current   Power.— Tiie  above 

methods  have  been  devised  for  the  measurement 
of  jxjwer  in  single-phase  alternate-current  circuits, 
but  they  may  also  be  used  in  either  of  the  circuits 
of  a  two-phase  system.  The  case  of  a  three-phase 
system,  liuwever,  requires  a  little  further  consider- 
ation. If  all  that  is  required  is  to  measure  the 
power  in  a  jwrtion  of  one  of  the  three  conductors, 
the  above  methods  may  be  employed.  By  dealing 
with  each  of  the  conductors  separately  the  whole  power  may  Ix-  nu'asured  ; 
but  this  process  is  more  elaborate  than  is  necessary,  for  it  can  be  shown 
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that  whether  the  circuits  absorbing  the  power  are  m.'sh-or  star-connected, 
two  wattmeters  will  hf  sutlicient  to  give  the.  total  power  used  in  the  thrcv 
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sections.    In   Fig.   791,   m  shows   the  mesh   connections  (or  the  power- 
absorbing  currents,  and  s  shows  them  star-connected.     In  both  cases  lut 

the  currents  in  the 
hne  conihictors  sup- 
plying the  ])o\ver 
be  denoted  by  a  6 
and  c  respectively  • 
h;t  also  y,,  denote 
the  1'.  1).  b'jtuiiii 
the  lines  a  liiuI  b, 
and  v^,  tile  i>.  D. 
between  the  lines  a 
and  ( .  Then  in  each 
of  the  cases  repre- 
sented it  can  be 
shown  that  the  total 
power  absorbed  is 
given  by  the  equa 
tion    - 

V  =  h  v.»  -f-  r  V,.. 

If,  therefore,  we 
connect  up  a  suit- 
able wattmeter  so 
that  the  current  b 
passes  through  its 
ammeter  coil  whilst 
its  pressure  term 
inals  are  connected 
to  the  mains  a  and 
b,  this  instrument 
will  measure  the 
term  h  v^j.  Simi- 
larly another  watt- 
meter will  give  the 
tt:rm  c  V,.  if  its  am- 
meter coils  take  the 
cuirent  c-  whilst  its 
pre^^ure     terminals 

Fig.  ro^  -KlectricalCircuiHot  Shallcnbergfr''!  Mi-ter.  _j.j,      connected      tO 

mains  a  and  r.    Tht;  sum  of  the  readings  of  the  two  inslniments  will  give 
the  whole  power  absorbed  by  either  the  niesh  lonncctid  conductors  at  m  or 
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tlie  star-conmcted  cuiidiictnr^  ;it  s.  It  i^  possiblt;,  howcvir,  to  combine 
tilt'  two  iiistiuinLnt>  in  imo  so  tli.it  l\u:  dolkiting  torques  shall  act  upon 
one  v»;rti(;il  spiiulic  and  bo  subjected  to  a  sint;le  ontiollin;,'  tor<|ue.  Such 
a  double  uiilliiiiU-^-  ])ro[iirly  tonm  cted  in  circuit  will  nieasiiie  at  one  reading 
the  total  polyphase  jxjwer.  It  annneteis  or  vollinetcrs  are  used  instead 
of  wattmeters,  account  will  have  to  be  taken  'if  phase-differences  between 
prt:^sure  and  current,  for  reasons  already  given.  This  subjict  will  be  taken 
up  again  in  the  techno],  i^jcal  -ection. 

Mil.       MK.XSIIKKMKNT   OF    I-:NKRGY 

The  general  princijiles  underlying  tin:  nreasurement  of  electric  energy 
have  aheadv  been  set  forth  ([lage  380  d  si\/.),  m  connection  with  the 
nil  .isurenient  oi  contiiuious-current  enerijiy.  The  special  additional  dilti- 
cuities  which  are  met  with  when  the  energy  is  in  the  form  of  alternate 
tdectric  currents  arc:  in  scune  cases  those  which  we  have  already  cons-dered 
when  dealing  with  the  measurement  of  alternate  clectri'  ')ressur«-  and 
alternate  electric  power. 

Thus  it  follows  that  both  the  Aron  "Clock-meter"  (Fig.  j^^:  'lie 

Hlihn  Tlioni^on  energy  meters  (Fig.  33;,)  can  be  used  for  the  mea.-..  ment 
of  alternate-current  energy  if  the  limitations  connected  with  the  above 
special  difficulties  are  not  overlooked.  What  is  necessary  is  that  the  time- 
ccjn^tant  of  the  voltmeter  section  of  tlie  instrument  shall  be  negligible  aad 
that,  so  far  as  possible,  solid  masses  of  metal  should  be  dispensed  with 
in  the  constructional  details,  and  their  places  taken  by  non-conducting 
material.  When  this  cannot  be  doiit;  tlie  metal  should  be  divided  so  as 
to  kill  such  "  eddy  currents  "  as  would  be  set  up  during  the  use  of  the 
instrument. 

Meters,  however,  have  been  designed  which  will  only  operate  with 
alternate  currc;nts.  and  cannot  be  used  on  continuous-current  circuit-^. 
Hecaust;  of  its  historical  interest  we  shall  d<;scribe  here  an  early  form  of  one  of 
these,  the  Sluillenberger  meter,  which  is  represented  in  Figs.  y<)2  and  jf).',. 
The  former  shows  the  complete  meter,  with  the  cover  removed,  and  the 
latter  the  ehctric  circuits.  The  meter  is  in  effect  a  small  single-phase 
induction  motor  with  a  counting  train  and  a  retarding  brake  attached.  The 
rotor  is  a  light  wrought-iron  disc  u  (Fig.  70.)).  carried  by  a  spindle  which 
is  viry  carefully  mounted  on  hardened  and  polished  pivots.  The  lower 
end  of  the  spindle  carries  the  light  aluminium  vanes  seen  in  Fig.  70 J,  which 
act  as  a  brake,  and  the  upper  end  carries  a  worm  which  engages  with  the 
hist  wheel  of  the  Counting  train  behind  the  dials  at  the  to]).  The  stator 
is  the  coil  c  c  through  which  the  alternate  currents  of  the  main  circuit  aie 
pas.sed.  The  rotating  lield  is  produced  by  the  interaction  of  the  currents 
in  this  coil,  and  the  induced  currents  in  a  short  riniiit<-d  coil  I,  h,  se>  placed 
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th.u  the  maRnclii:  tlux  li  m  <  r  pa-^si^s  llir.>uf;li  it.  It  is  interesting  to  note 
tliat  tills  <lt'viii;  of  \  >h<>it  circuited  roll  suit;il)Iy  placed  on  the  stator  has 
]>een  revive<l  in  some  niudern  types  of  sinf^ie-phase  induction  motors. 
Tliat  su(  li  an  arrangement  will  produce  a  rotating  field  is  obvious  when  we 
runember  that  the  e.m.F.'s  in  tiie  coil  h  h  will  lag  a  quarter  phase  behind 
111.-  <iiiiriit>  III  cc.  and  lli.it  the  currents  in  />  fc  will  lag  a  little  beliiml 
tht'  K.M.F.'s  because  of  the  inductance  of  this  circuit.  Thus  the  necessary 
jihase  ditfeniices  are  estal)li.shed,  and  the  rotating  field  will  result,  as  already 
.  xplained.  The  action  of  this  rotating  field  on  a  rotor  of  continuous  metal 
has  already  been  e.\plainetl  (see  page  dib).  The  coil  h  h  can  be  clamped 
in  various  positions,  and  is  adjusted  until  a  known  current  in  the  coils 
gives  the  required  number  of  revolutions  of  the  spindle  per  minute. 

In  this  meter  the  turning  torque  is  proixirtional  to  the  s<iuare  of  the 
( urrent,  and.  therefore,  as  the  sjxjed  of  rotation  must  vary  directly  as  the 
current,  it  is  nece.ssary  that  the  friction  brake  should  set  up  a  retarding 
torque  projiortional  to  the  scpiare  of  the  speed.  When  in  use,  the  meter 
shown  in  Fig.  71  )2  is  covered  by  a  clo.se  fitting  case,  and  the  aluminium 
\anes  churn  the  air  in  the  confined  sjiace  in  the  lower  part  of  this  cast:, 
thus  setting  up  the  required  retarding  torque. 

Since  the  readings  of  this  instrument  depend  only  on  the  values  of 
the  current,  and  are  not  affected  by  the  voltagt:,  it  is  a  coulombineter  and 
not  an  energy  meter.  The  differences  Ixitween  the  two  classes  of  instni- 
inents  were  e.\|)lained  on  page  383. 

The  methods  of  connecting  energy  meters  to  the  circuits  are  the  same 
for  single-phase  alternate  currents  as  for  continuous  currents — that  is,  the 
lull  current  is  passed  through  ti»c  thick  wire  coils,  and  the  pn-ssure  ter- 
minals are  connected  to  two  points  of  the  circuit  between  which  »'  full 
1'.  1).  is  maintained.  For  triphase  electric  currents  two  meters  may  be 
used,  connected  to  tlie  circuits  in  the  manner  describtMj  on  page  806  for 
the  connection  of  two  wattmeters.  To  sho'v  that  the  method  is  correct 
It  shonhl  be  rein-nibered  that  energy  is  -  iM>wer  x  time.  The  equation 
previously  given  for  the  wattmeters  may  therefore  be  written,  as  an  energy 

equatiuii,   thus  : — 

Energy  =  bv.i.t  \  <"  v„,/ 

where  t  is  the  time  during  which  the  energy  is  being  supplied  at  a  constant 
rate.  Tlie  connections  for  currents  and  pressures  an;  therefore  the  same 
.l■^  before,  and  the  instruments  can  be  calibrated  to  record  the  energy 
supplied  either  in  lioard  of  Trade  or  any  other  convenient  units. 

The  electrolytic  coulonibmeters  at  first  sight  are  not  adapted  for  the 
ni(>asuiement  of  altrnate  currents;  nevertheless  such  a  coulombmeter, 
known  as  the  Lowrie  Hall  meter,  was  ingeniously  devised  in  tlie  early  days 
of  electric  lighting  with  alternate  currents. 


AfF.A.<;VKEr>IF.\T   OF     P,'ll  ER  F  ICTOKS. 


809 


Other  meters  liave  been  desiRntd  and  constructed  which  can  only  be 
usetl  on  ahernatc-current  circuits,  and  arc  not  availal)I«!  for  continuous- 
current  workiuf,'.  It,  howevei,  svill  be  most  convenient  to  jxtstpone  the 
description  and  explanation  01  the  action  of  these  m  tors,  and  of  more 
modern  ones  of  all  kinds,  to  the  more  technical  section  of  the  l>ook. 


IX. — MEASUREMENT  OF  KIWEK  FACTORS 

Another  quantity,  the  direct  measurement  of  which  cannot  fail  to  l)e 
of  interest  to  those  wlujse  chief  work  has  Ix^en  with  continuous  current 
circuits,  is  the  mysterious  power-factor  which  plays  so  imf)ortant  a  part 
in  alternate  current  working.  More  than  one  method  has  been  devised 
for  the  purpose  of  measuring 
it,  but  space  will  only  allow 
reference  in  detail  to  a  single 
solution  of  the  problem  in  the 
form  of  the  {K)wer-factor  indi- 
cator made  by  Messrs.  Everett, 
Edgcumbe  and  Co.  The  exter- 
nal appearance  of  this  instru- 
ment is  shown  in  Fig.  7<).5, 
;>nd  the  various  parts  in  Fig. 
7((4.  Before,  however,  describ- 
ing the  instrument,  it  would 
perhaps  be  well  to  "olain 
the  principles  upon  \^  ■-  \  its 
working  depends.  ^'«  ■'>^ ' '"'~^-  !•«>*«-'«"»  '"di"""- 

The  main  parts  of  tlic  instrument  are  similar  to  those  of  the  same 
liims  wattmeter  (st't;  page  >'o.5),  and  consist  of  fixed  coils  placed  in  series 
witli  the  main  current  and  movable  coils  which  carry  a  current  projHjr- 
tional  to  the  vjlts.  This  being  a  deflectional  instrument  the  various 
fitrces  called  into  play  regulate  tiie  direct  deflection  of  the  moving  system, 
and  it  is  this  deflection  which  is  read.  In  this  riNj.tct  and  in  many 
mechanical  and  const ructi(Uial  details  it  is  similar  to  the  d^-Hectional 
wattmeter  described  alx)ve. 

For  the  simplest  case  of  a  monopha'^e  circuit  the  moving  coil  of  tlu, 
wattmeter  is  replaced  by  a  system  in  which  there  are  two  coils  at  right 
angles  to  one  another  wound  on  the  miu..i)le  frunt;.  Both  these  are  to 
be  pressure  coils,  practically  equivaietU  to  "tie  another  and  placed  in 
parallel  across  the  mains  with  series  coi's  in  circuit  as  usual,  the  difference 
being  that  in  one  case  the  series  coil  is  non-inductive  as  in  ordinary  watt- 
meter working,  and  in  the  other  case  the  seiies  coil  is  so  highly  inductive 
as  to  cause  a  lag  of  the  current  in  its  circuit  of  nearly  a  quarter  phase  behind 
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the  impressed  p.  d.  The  arrangement  is  shown  diagrammatically  and 
connected  t..  a  nii.n..i.ha>o  circuit  in  Fig.  7<j5.  '"  which  ihe  w.leiu.id  c  c 
represents  the  lixed  coil  carrying  the  main  current,  and  a  a  and  l>  b  the 
two  moving  oils  with  their  axes  at  right  angU's.  The  coil  a  «  is  connected 
across  the  mains  with  a  non-inductive  resistance  r„  in  scries  witii  it,  whilst 
the  coU  6  6  is  similarly  connected,  but  has  a  hijdily  inductive  resistance  r, 
in  its  circuit. 

For  simplicity,  assume  at  first  that  the  circuit  of  a  a  is  quite  induction- 
kss  so  that  the  current  in  it  will  be  absolutely  in  phase  with  the  v.  ». 
of  the  mains,  and  also  that  the  inductance  of  the  b  b  circuit  is  so  high  that 
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its  current  practically  lags  a  full  quarter  perif-l  hchind  the  p.  d.  of  the 
mains.  Further  assume  that  the  power-factor  of  thi;  main  circuit  is  unity, 
that  is,  that  its  current  and  pressure  are  in  step  Then,  because  of  the 
phase  of  its  current,  the  coil  6  6  on  balance  will  e.x.eiience  no  torque,  fur 
the  +"•  torque  of  one  quarter  period  will  be  exactly  balanced  by  the 
equal  — "  torque  of  the  next  quarter  period  ;  and  therefore,  since  these 
impulses  follow  one  another  very  rapidly,  'ic  slowly  moving  coil  will  remain 
at  rest.  On  the  other  hand,  the  cr.il  a  a.  Ii.iving  its  current  in  step  with 
the  current  c  c,  will  experience  full  torque,  and  will  set  with  its  axis  coincid- 
ing with  that  of  the  axis  of  the  main  solenoid  c  c.  The  coils  will  therefore 
i.^ke  up  the  position  shown  in  the  diagram,  and  in  this  position  the  attached 
needle  pniMt:i  to  the  mark  "  1  "  on  the  w-ale  (Fii/.  7u.',). 

Hut  if  the  curfiit  c  c  is  ii<  t  in  step  with  the  v.  i).  of  the  mains,  b  b 
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will  experience  a  rosultaiit  tiirijui-  sinii'  its  riiircnt  is  no  l(iin,'i  r  in  <ni.uli.iture 
witli  tlie  cuiiont  in  c  ».,  and  llu;  inugnituUc  of  tliis  t«)i.|u.:  will  incicaMt 
with  the  phaso  dilforunco  that  is.  with  the  posver-fa;t<ir.  Sitnultanouusly 
the  resultant  tor<iuu  on  u  u  will  diininisli  as  the  {H>wer  tai  tor  increases. 
The  moving  coils  will  tlurefore  be 
deflected  from  the  position  previously 
taken  up,  the  direction  of  the  detltc 
tion  depending  upon  whether  the 
phase  difference  in  the  main  circuit 
is  a  lat;  or  a  lead,  and  the  amount  of 
the  deflection  depending  on  the  phase 
difference — that  is,  on  the  power- 
factor.  By  proper  calibration,  there  • 
fore,  the  scale  of  the  instrument  can 
be  graduated  so  that  the  pointer  shall 
indicate  the  power-factor,  and  the 
position  for  zero  power-factor—tliat  is,  for  an  entirely  wattle>s  cinr.nt 
in  the  mains— will  obviously  be  at  right  angles  to  the  position  "  i  "  lor 
unit  power-factor.  The  theoretical  conditions  named  cannot  W.  abso- 
lutely attained  in  practice,  but  they  can  be  approximated  to  with    ullicieiit 

closeness  to  make  a  carefully  tali 
brated  instrument  reliable  over  a 
wide  range. 

As  in  the  deflectional  watt- 
meter A  A  (Fig.  794)  is  one  of  the 
stationary  current  coils  n-movtHl 
so  as  to  expose  the  moving  coils 
H  which  lie  in  the  large  cylindric 
hollow  formed  by  the  fixed  coils 
when  A  A  is  in  its  place.  The 
mounting  of  these  moving  cmls 
is  similar  to  the  mounting  of  the 
voltai  :  coils  in  the  wattmeter 
(see  page  .S04),  and  many  other  details  are  the  same.  Similar  pre 
rautions  are  taken  for  the  suppression  of  etldy  currmts,  for  insulation, 
etc.,  etc. 

Tor  p>  h'-pluise  circuits  the  problem  is  soinew!ial  dilfurcnt.  The  instni 
ment  actually  shown  in  Fig.  794  is  intended  for  a  bahmcid  tripliase  circuit, 
where  a  single  main  current  coil  a  a  is  put  in  series  in  one  of  lin;  line  wires, 
and  till  moving  system  has  three  coils  wound  on  a  s[)lu:rical  insulating 
frame  with  thnr  axt-s  i.:o"  apart  ;  two  of  th.-^.-  r<.i!".  r-.^u  h<*  p.iitly  '^t^n 
in  the  figure.    Une  end  of  each  coil  is  joined  to  a  coinniun  neutral  point. 


Fig.  796. — Connections  of  a  Power-factor  Imlicator  fur 
Ual.incei  Triphase  Circuits. 
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and  tlic  otiier  end  connected  through  a  laiKc  n<in-inductive  resistance 
ti;  ime  of  tlic  mains.  Thuse  connwtions  are  sliown  dia«ramniali(  ally  in 
Fig.  7(j6,  where  c  c  again  reprtst;nt  the  tixid  coil  and  a  n.  h  n,  aiul  i  n  the 
three  movable  pressure  coils,  X.  y,  and  z  InjinR  the  mains. 

With  unit  power-failor  the  coil  b  n.  in  accordance  with  the  above 
reas.ining,  will  set  along  the  axis  of  l  r,  and  the  torques  on  a  ;i  and  c  n  will 
balance.  If  there  be  a  phase  difference,  however,  between  P.  V.  and  current 
the  torques  on  a  n  and  c  n  will  not  bal*iice,  and  the  torque  on  fc  m  will  be 
weakened.  The  moving  system  will  therefore  be  dertected,  and  will  set 
to  a  jKJsition  depending  on  the  power-factor,  which  therefore  may  In; 
indicated  by  the  jxnnter.  For  unbalanced  triphase  circuits  the  current 
coil  c  c  is  divided  into  three,  one  in  each  phase,  placed  with  their  axes 
120°  apart,  and  with  this  arrangement  it  is  claimed  that  the  indications 
of  the  instrument  are  indepenilent  of  wave-form  and  jMjriodicity. 

X. — MAGNETIC   MEASUREMENTS 

The  principles  underlying  the  measurements  connected  with  the  deter 
mination  of  tlie  magnetic  properties  of  materials  and  some  of  the  simpler 
and  fundamental  methods  used  have  already  been  described  (s.v  Chapter  VII ., 
pp.  285  el  seq.)  in  an  earlier  section.  The  further  application  of  these  prin- 
ciples to  the  development  of  methods  for  the  rapid  determination,  in  the 
workshop,  of  the  quantities  which  are  of  vital  importance  to  the  designer 
and  constructor,  may  property  be  postponed  to  the  technological  section. 
The  quantity  of  most  importance  to  the  engineer  is  the  hysteresis  loss  on 
cyclic  magnetisation  (see  pp.  290  and  295),  >md  its  determination  under 
the  various  conditions  which  obtain  in  practice  ha?  been  the  subject  of 
many  researches.  The  permeability  of  the  maierial  and  the  factors  and 
conditions  which  influence  it  are  also  important,  and  in  their  turn  have 
attracted  the  attention  of  a  great  number  of  investigators.  The  more 
important  methods  and  results  will  be  described  in  due  course. 
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,  intensi.y    of    ni.ijnn'.    37 

, of.    shown    liv    lines    of 

force.  35 

magnets,   497 

—    ,  rotating,   diagrams  of, 

61J 

— ,  rotating     magnetic,    coppei 
cylinil-r  placed  in.  617 


i:f 
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Fields,  magnctivatton    id    ttronc, 
301 

— ^,  n'>ilti-polar    rotating,  61s 
-^— .  rotating     magnetic,    Oto     #/ 

Figures,  electric  dutt,  iy% 

Filament    lamps,   metallic,   tyt 

of     glow     lamp,     materials 

available   for,  338 

Firefly    ipectrnm     rnergy    curve, 

»53 
Fither'i    modificaiion    -"-f    Clan's 

cell.  366 
Five-needle  telcgiaph,  Cooke  and 

Wheatstone's,   39a 
Filed    standards   of    inductance, 

796 
Flarae  a'c,   the,   961 

-    ,  chrmical.   ttt. 

Flow  of  w.itff  thrnufih       pet,  ifli 

FIui,   magnetic,  a8i 

"  Fotus  "   tube,  691 

Fool  showing  needir,  radiograph 

of,  696 
Force,     coercive     («*     Coercive 

force/ 
— ^    exerted   on   a  rurreni-carry- 

ing    '  onductor    placed   across 

a  mjinrnetir   field,  593 
— — ,  horizontal.    38 
,  line*      of      (j## 

force) 
,  maeiietu-rootive 

net o motive    forre) 
Form   factor,  783 

,  measurement  of, 

Franklin,    'i 

kite,    8 

lightning   cooductor.   S 

— —    pane,    117 

Frequency,   dcAnition  of,   5:^6 

Frith   and   Rodgcrs,   eapcriments 

of,    356 
Froment's  electric  motor,  586 
Fuller'*  bichromate  cell,  i«i 
Furnaces,  electric.   171 


'Galilee  of  magnetism,"  5 
Galvant,    LuiRi    Aloisio,    u 
Galvani's  experiments,  146 
Oahanomrter.    astatic.  346 
— ,  Ayrton-Mather    moving  ceil. 

7<9 

,  ballistic,  Nalder'i,  7*3 

,  ,  working   of,   7*3 

— ,  D'Arsonval's  (Maxwell).  ;i8 

— ,  early,    11 

,  Maxwell'i    tnspended    coil. 

718 
— .  mounting  of  coil  of,  719 
—,  sensitive,       connection       of 

upper  and  lower  coili  of.  716 


Lines     of 
Ut«     Mag- 

7i3 


Galvaaometer,     sensii  i^  e     reflect* 
ing,  716 

,  shunting  a,  ys» 

— ,  simple   reflecting.  717 
— — ,  speaking,  715 
,  tangent,   7^9 

-  with     single     pivot.     Paul's 
moving-coil,    730-1 

Galvanometers       and       gal  v  ana 

scopes,  345 

,  ballistic,  7«j 

,  dead-beat.  7*1 

,  large  cuttent,  347 

,  liquid  damping  ot,  7»> 

f  magnetic  damping  of.  -22 

,  sensitive,   715 

— — ,  shunting,  353,  735 
— ■■',  standard,  739 
Galvanoscopc,  vertical,  34^ 
Galvanoscopes        and       galvano 

meters,   345 
Ganz       and      Co.'s      mono  p hit se 

motor,   609 

circuits   of.    609 

Gas  batteries,  primary,  aci 

battery.   Grovel's,   joi 

<  heck     plug,      enclosure     u\ 

arc   with,  365 

flame        spectrum        energy 

curve,    »53 

,  ionisation  of  a,  704 

-  molecules,    return   of,  fi8« 
Gates,    conduction    r>f    rUctricity 

thfugh,  704 
Gaulard    and    Gibb's    secondary 

geptator,   43s 
Gauss,  fq 

-  and  Wrhrr's  'bservationt.  44 

— . sending  apparatus,   39< 

telegraph,   390 

Geissler's   pump,   134 

tub«*s.  673 

Generator,  cc  ,  poiy-phase  motor 

driving   a,  t\o 

.  Gramae.  early,  518 

Generators,  setondary.  435 

Giesting,  7 

Gintl,  William,  and  duplex  tele 

graphy,   307 
Gilbfii.  William,  di'fn\eries  of. 

Gladstone  and   Tribe  on   second- 
ary cells.  3IO 
Glass,  electric  perforation  of,  134 

and   oil    insulator":,    ii4 

Globe  electric  machine,   ■ 
Glow,  ball-shaped,  the.  ^^•. 

lamp,  physics  of  the,   337 

— ,  or  incandescent,  lamps,  21' 
— , ,  ,  causes    of      rapid 

development  of.  338 
— — ,  repulsion      of,      by     a      <  nn 

ductor,  683 
Glowing  or  burning  bodies,  S4 


Gold,     extraction    of.     t>v     ctac- 

trolytic   methods,   331 
Gordon,  Andreas,  7 
ciordoo's    (di  phase)     aherBaier» 

563,  iU 
Oowcr  telephone,  4^^ 

—    electro- mag tirt,    340 

Gower-Bell  microphone.  465 
Gramme  alternator,  356 
- — •    armature,  4H9 

generator,  early.   518 

ring    generating    both    co». 

tiauous    and     altrrnaie     cur- 
rents at   same  time,  f^t^ 

.  section  of  a.  4»g 

Gray,  Stephen.  « 

(ffay's   telephone,  44",  458 
tVrral   Kastern.  the,   ^(^j 
Grenet's   bichromate   cell.    i6i 
Griscom's   motor,  599 
Grottfaut't  theory  of  electrolysis, 

197 
Grovet't  cell.  160 
—^   gas  battery.  303 
Guericke,  Ottn  \nu,  5 
— ,  electric  machine  of.  s 


n 

M.    definit.on  of,  38-; 

M  radmium  cell,   nindrrn,  sO* 

-    ,  diagram  of.    \*)^ 

Il-patteifl  standar'l  rrj;,  365 
Itai!,   electric,    lu 
llaml.   radiograpii   ni     f.t^^ 
Hare's  deflagrator,  m>j 
Harmnnuii.    Hell's    elrrtric,    44a 
Hartmann's  discovery  of  dip    t 
Haupt  s  tti^iovety  <'i   alloys.   313 
Hawksbee.  6 

Head,  radiograph  of  Iivinir.  69B 
Ilekto-ampeie     current     balance, 

73i 
Hrlinholtz  on   electrolysis,   i<0 
llrnley's  discharger,    uS 
Henry,      I'rofeisor     J  l^rph,      dit- 

coveries    of.    281 

,  law  of  amper<;-turns  of.  »8» 

Henry's  comet.  68a 

electro- mag  net,   ija 

Hensler's     discovery     of 


alloys, 


3n 


Rertx't  experiments,   663 

o<i(ilIator.    663 

Hcterosiatic   electroscopes,    55 
Hewitt,    Mr.    Cooper,   '':73 
Htbbert's  standard  cell.   166 
High-frequency     discharges.     701 

//    atq. 
High  in%uIation   keys.   759,   760 

plug  switch,  7^ 

High    pressure,    tran-^f^rmer    for. 
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820 

High     rr«i5t«nc«,     meMurfment 

Higher  vicua.  ditiharfiej  In.  6»i 

Hl»in(   «rc,    167 

-,  expUnatioo  of,  •*• 

Hiltorf,    199 

Hoffmmnn'i  vollamfttr.  1" 

HoltJ   Indufoce   machinr.  n 

,  ._    ,  action  of.  95 

Horizontal   force,   3» 

intrniily,    in««urriii«nt    of, 

tnrfacc,     weight     »ibratiii« 

on,  646 
Hal-wire  voltni'ter*,  J7<,  T7» 

,  principle  of,  171 

HngheVt  carbon  microphones.  449 
microphone         r>ip«rimfnn. 

44«,   459 

microphone*     without     car 

bon.  449 
polarised      rlri  iro  -  maKnet. 

340 
telegraph 

nenl,    ?9^ 
. theory   n(    magnetism,    jij 
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Hnnning's   transmiller,   4'>') 
Hydro  electric   machine,  «7 
Hrdrogen   stratification.   69> 
Hysteresis.   390 

,  coefficien:  of,  29^ 

loops     for     different     mag 

netising  forces,   304  I 
for    various    kinds    of 

iron,   99S 

^__ .   of  copper  alloy.  115 

,  loss  of  energy  throagh,  195 

— ,  ly,.ical    loop,    »9o 
— -,  viscous,  997 

I 

Ire  piiil    eiperimeiil.     Faraday's. 

aa 

, ,  line*  of  force  at 

staces  of,  «9 
lTirai«h  moKir.  so« 
,  longitudinal        section 

of.  so* 
,  mechanical     connection 

nf  core  di-c»  to  shaft  of,  597 
Impedance.    S4l.    ^47 

, ,  construction   for.  ^47 

lacandescent    lamp,    carlion    tia 

mrnt  of,   31:- 

.  or  gl"W,  l.imps.  336 

liKiinalion.  ch.iMgp«  of,  47 

,  mtasureirent  of,  44 

or   (lip,    iliscoverv   of.   ■ 

.—  -, .  magnetic,   ift,  ,^7 

Induced   currents.    418 

,  direction    of,    41S 

__ ,  mrch.iiii.al   energy   »b 

•orbed  by,  517 


Inductance,       adjustable      "an- 

dardi  of,  794 
and    permittauce    combined, 

547 
,  bridge    method    of    measur- 
ing, 7"^ 

,  definition  of.  538 

,  effects  of,  S4i> 

,  fiaed  standards  of,  796 

,  Maxwell's   method   of   mea- 
suring, 7^9 

^  measurement  of,  7^4 

,  ammeter  and  voltmeter 

method  of,  ;8< 

.   of  the  ring,  effect  of.  634 

^  Rayleigh'4   method  of    mt-ii- 

suring,  7S4 

,  relative     position    of    coils 

to     secure     minimum     or     no 
mutnul,    -97 

,  standanU  of,  794 

,  the  unit  of,  785 

Induction  apparatus,  Reiss's.  71 

.  charginu  by,  75.  77,  '" 

coil,  battery.  4'7 

. fc ,  connections 

a,  43< 

.   ,  modern,  430 

,  telephone,  433 

._  earthed  conductor  under,  di 

_ — ,  elcitric.  73 

.  electrification  by,  7J 

,  experiments,  7^ 

,  higher  orders  of,  431 

.   in     wires    across    magnetic 

poles,  481 

,  magnetic,   3»» 

,  m.sgnetisatinn  by,  19 

,  magneto  electric,     laws    of. 

motor,     rotor,     stator     and 

other  parts  of.  631 
. ,  plan     of     mono-phase, 

63(t 

,  Tesla's  split-phase.  ft3T 

.    ,  Thomson's  mono-phase, 

636 
Westinghouse       polyphase, 

631 

— —    motors,  610 

,  alternate  current,  Sin 

,  mono-phase,  633 

.   — — ,  split-phase.  63fi 

—  -,  self-,  43t 

Inductive  circuit,   power   in,  »>io 

Inductivity,    114 

Induclorium,    Ruhmkorff's.    4>9 

Influence  machines,  SB,  9t 

,  use  of   compressed   air 

with,  idi* 
Instrument'-,    measuring.    370 

—  ,  telegr.ipliic,    407  4'< 
Instilaled    conductors    under    in 

dnction,    -^4,    75.    7** 


Insulation,   7S9 

Insulators,  conductors  and    J7 

,  glass  and  oil,  •14 

,  list  of.  s» 

Intensity,  changes  of,  53 

,  horizontal    («»     Ho'iiontal 

intensity) 

.  magnetic       (««       Magnetic 

intensity) 

of    electric    field,    67 

of    field   shown    by    lines  of 

force,    35 

of   magnetic   field,   17 

of   magnetisation,    a8 

Interrupter,      Caldwell's      modi- 
fication of   Wehnelt's,  65S 
— ,  cont.-ict  points  in,  650 

,  D'.\rson»ars        explanation 

of    action  of,  654 
.  diagram      of      Tesla's     ap- 
paratus, 657 

driven  by  an  a  c.  motor,  6<i 

,  mercury  jet,  f.5'.  ''51 

,  or   contact   breaker,  65» 

^  Pfj^.^'s        modification        of 

Wehnelt's.   6f6 

^  Swiuton's     modification     of 

Wehnelt's.  '^5,5 

Tcsl;i     high-fret,uency,    f>%l 

.'  thermal   or   electrolytic,  65s 

,  Wehnelt,     with      adjustable 

elertrodes.  fisr,.  f,S7 

.  Wehnelt's,   654 

Inverse  squares,  electric  law  of. 

64 

.   , ,  law   of.  II 

.  magnetic  law  of,  jj 

Inversion,    thermo  electric.    I7» 
t,.nic  velocity,  199 
lonisation  of   a  gas,   704 
Ions,  I9> 

— ,  velocities  of   the.   199 
Iron,  critical  temper.ilure  of,  305 

.  hysteresis   loops    l.ir  variooj 

kinds  of.  398 

,  magnetic   properties  of,  tM 

,  permeahility.    j*5 

^  ,   curves  for,  389 

,  recalesccnce    of.    to* 

Ironclad    dynamos,    mi 

__    ,  leakage     field      >f,    S>« 

,  magnetic     tircuili    of. 

5»9 
Uoclinics.  47 

for    19"'-  48 

Isodynamics,  51 
_-  f.jr  1907.  5' 
Isogonals.    40 

at   the  North    Pole,  4> 

.    at   the   South   I'ole,  4' 

— ^    for    i9"7.  4' 

,  true,   for   iSg'i.  4< 

Isogonic   line-,  40 
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Jablorhkoff   candle.   949 
Jackson.   Mr.    Herbert.  693 
Jacobi'i  electric  motor,  585 

cipcriacDts,  116 

Jamin's  componnd  nagnet,  tj 
Jar,  electric,  or  Leyden,  8.  117 
Johnson    and     Phillips'    viuirrel 

cage  rotor,  A18 
Joule,    definition    of,    3S1 
Joule's   current    calorimeter,    at* 

-  law,    922 

voltaic  cell   and  circuit  e»- 

periAenti»   151 

'*  Jumbo  "  dynano,  499 


Kalhicn.    193 
Kathode.   19* 

rayi.t-li? 

.  Lenard'i     eiperiment 

with.  6ft9 

— — .  shadow   ra*.t   by.  €85 

stream  deflected  by  a  mac- 
net,  6U 

-  —    tireams,     mutual     repulsion 

hy,   6M 
Kelvin    double    bridge,    747-745 
Kelvin's.  Lord,  quadrant  electro 

meter,    374 

-  multicellular  electrostatic  j 
voltmeter.  770  i 

Kerr  effect,  the.  318 

on  elcctrnstatic  strain,  tt 

Kerr's  eipcriments,  66 

Kew  magnetometer,  38 
Key.  Morse,  407 

reversing.  407 

Keys.   hiKh-ioiul;»tion,   759,   j*^ 

Kilowatt   hour,   the,  389 

Kinetic.  transformers  (j« 
Transformers,  kinetic) 

KIrist,   Dean.  8 

Kohlrantch,  127 

Kohlraascb's  bridge  for  measure- 
ment   of     liquid    resistances, 

743 
— —    condenser.   114 

torsion    electrometer,   3/3 

Konn's   glow    lamp,   927 
Krixik's   bats,   336 


Ladd's   <iynamo.    477 
Lady's  hand,  radiograph  of,  69A 
L*g   in  an   inductive  circuit,  544 
—    of   brushes    in   a  motor,    594 
Laminated     core,     necessity     for. 
4» 


of 


>77 


Laminatlmi  ot  rurr«.  4«a  (  Llaei   nf   force. 

Lamp,   mercury    vapour.   Cooper-  1         and,   iq 

Hewitt.  674  -        -  — ,  - 

— ^,  mirror  and  scale,  action  of  1 

the,  714 
——   stand,       with       transparent  . 

scale  and  flow  lamp,  714 
Lamps,  arc,  344  j 
.  glow,    or    incandescent    (j##  1 

Glow   lamps) 
Lane'4   unit  )ar.   119  | 

Langley's    eiperiments    on    eAci-  I 

ency  of  sources  of  light,  i*,\    I 
Lauffen-Frankfort     transmission, 

connections  at  LauHen,  580 
.  power        circuits        at 

Frankfort,  581 
Lead  of  the  dynamo  brushes.  504 
Leakage,  magnetic,  st>o 
LecUoLhi'i  agglomerate  cell,  i6t> 

cell,  169 

low  resistance  cell,   166 

Lenard't         experiment  with 

Kathode  rays.  689 

Length,     change     of,     oc     mag- 
netisation,  306  #/  uq. 

Lent's  cnrrenl  calorimeter,  933 

law»  4tS 

Lessing's   cell.   169 
Levy,    M.,   659 
Leydcn   jar,   8 
and 


magnetic   curve* 

defined,  178 
a     circular      loo^ 


of  a  uniform   field.  4^ 

round    a    straight   cur- 
rent, jtA,  479 

— ,    _  icrrening,      14 

.    ^  tendency     to     (.ontrirl 

and  reprl  one  another  side- 
ways,   73 

Liquid    resistances,    741 

-  — ,  mcasuremrnt     of,    74^ 
.  by   fall   of    pote»- 

tiiU   744 
Litieodorf,  7 
Local   action   of   the  voli.ttr  eel., 

I     .7. 

I  Lode^tone,     discovery    o(,     att. 

buted  to  Chinese,  j 

1  ,  Lucretius  and  thr,  «  • 

.  ,  properties   of,    14 

j  Loop<>,     hviteresis.     for     vat  ion* 

<  kinds  of    iron.   998 

I  Low     resistance     Leclanchi    cell, 

166 

,  measurement     of,     744 

Lucretius  and  the  lodestooc,  9 
Luminous  discs.   703 


117 

voltaic   pile,   cur 
rents    from,    compared,    148 

—   ,  batteries   of.    118  ' 

— .   ,  discharce    of,    137 

,  oscillatory       discharK^ 

of.  9« 

— — .   ,  unit.    119 

,  with  movable  coatings. 

Lichtei^bergs     dust     figures,     n, 

136 

Lifting  power  of  a  magnet,  93 
Light,  eftcietcy  of  »ourtes  of.  951 

,  magnetism  aod,  316 

Lightr.ing,   139 
,  ball,  140 

tubes,  139 

Lines     ot      force 

charge,  68 

— ,  current     anJ,    relative 

directions   of,    977 


and     electric     , 


^ 


34 


direction  of  electric,  — 
direction  ol  magnetic,  — 
of 


-    ,  during      charging 

electtophorns,  99 

,  MM  i.  in  conductor  cut- 
ting.  481 

-   from  charged  cylinder, 

T* 

.  intensity  of  field  shown 

by.  js 


Ma' Vine*.   eUuriril,   ^5 

.  hydroelectric,   87 

— — .  influence,  8m,  9^ 

,  steam    electric,    87 

M agues,    9 

Magnet,    action    of,    od    iron    fil- 
ings,   15 
, of,  io   polarised   ligb», 

3«7 

,  Ampere's    .uxion   of   a,   398 

anil    iron   filings.   393 

•    and  vacuum  tube,  680 

,  earth  of  a,  18 

effect  of  breaking  a,  391 
electric    bell,   334 
lifting  power  of  a    93 
mafintrtic  moment  ot   a,  98 
normal  reflection   fi    m   pole 
of.  319 

,  obj;<iue  reflection  from  poU 

of.  318 

,  poles  of   a,    15 

— ,  prtperties    of.    13 

,  Tesla's   r»  tating-field.   flu 

,  rotated  by  a   rotating   field. 

Magnetic    ;ird    elertrif    ci'cnit*. 

attraction,   if 


is' 


S22 

MaCDetic  bttierr,  is 

-  circuit,  the.  III 

_—   ,  experiment  00,  sIj 

— —   circuiii    of    v»riott»    iynk- 

mos,  4<>9 
■   curves,  30 

-  of  a  circular  loop,  >?> 

of  a   loleuoid,   ij 

round   a   ttraisht  cui 

rent,  a:^ 
declination  (M»  Declination,  I 

magnetlL) 
— •  deviation,   17 

-  eff-  :t  of  current,  144,  »75 
.   el    j-,.nts,    3* 

fteld,  n 

,  Tieriy  of   the,  4>4 

,  inlenJity  of,  n 

of  a  current,  m 

,  uniform,  definition  of, 

3» 

fTeldi,  rotating,  610 

Bui,  the,  jSj 

,  production  of  a  rotat- 
ing, fn 

horizontal    needle,    i« 

inclination,  or  dip,  IS 

induction,  18,  3*2 

influence  at  a  dislarce,  >4 

lawi  and  ti.eorjr,  a3 

leakage,  500 

raeas-    rment,  Sia 

meridian,   15,  37 

moment,  38 

,  or  armature  reaction*,  50J 

permeability     (i»»     Permea- 
bility, raagneiici 

properties   of    alloyJ,  S'o   " 

"1 

of   iron,  286 

.  of    variouf    material!, 

300 

reluctauce,  34.  183 

■    remancnce,  J57 

■—   repulsion,  17 

resistance,  385 

retentiviry,  igt 

saturation,  a.' 

variation.  15.  J7 

unit  defined,  a7 

Magnetisation      by      double      or 

divided  tou'-li,   31 
- —    bv  earth.  4 

, by  induction,  19 

. by  lifihtning,  u 

-  by  s..i^!e  touch,  ao 

,  change  of  l<;ngth  00,  306  #/ 

"»■ 

• —   curve  of  copper  alloy,  314 

carve*     of      different     ma- 
terials, a87 

,    efiects    of    tetnperatiire    on, 

104 
,  intensity   of,   a8 
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Maiinetiutian,  residual  lii'  RMidual 
magnetisation) 

,  stages    of,    334 

Magnetising   coils,    505 

force  of   a   coii,   all 

Magnetism,   Ampire'i   theory  of, 

J»l 

and  llftht,  Sl« 

.  earlv    and    classiral    refer- 

ente    to,    a 

,  ,  history   of,  » 

,  Fwing's   theory  of,   315 

.  Hughes's    theory   of,    335 

,  Maxwell's    theory    of,    sas 

,  Poisson's   theory  of,  3" 

,  properties  of,   14 

,  residual,  90 

,  terrestrial,    J7 

,  theories    of,   3ao 

,  Weber's  theory  of,  3aa 

,  Wiedemann's       theory      of, 

323 
Magnetite,    14 

Magneto-electric  induction,  416 
Faraday's        discovery 

ot,  41' 

in   moving  ivires,  481 

,  laws  of,  4ao 

Magneto-motive    force,    381 
Magneto  telephones,    454 
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Manganese    dioxide   cells,    16a 
Marks  enclosed  arc  lamp,  364 
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without     carbon,     Hughes's, 


Mirror,  telescope  and  scale,  7>1 


iiiiii- 


Ihukx. 


%il 


Mo.ir.    o'    p>odacin,    elec.rinc.  I  Motor..   ...Iv   f  .rm.  of    mod.,n,  ;  Ohm.  th»  ».«.„.!   imil  "J  rlrc- 

«;  .w  lamp,  >)7  • •  "'""'"'n   <"•    5»J  .         J 

.  >«.l».  Sil  Ottd3«r«ptn,  :<i 


Mono  If  .."c      »ltcrnale      currtnl 
mf'tor^.  6ofl 

indiutioa   motor*,   ftii 

Mordcy    allrrnator.    elutro  mag- 
net of,  3t> 

Uotdey'i  trantformcr.  4]* 
Uor»r.    'JO.  39J 

alphabet.  4)$ 

emboisins   inittumeat.   411 

key.  407 

receiver.  411 

Uarse'i  fitsi  telegraph.   1^4 

writing.  nS 

U.ortoo't,  Dr.,  commutator  recti 


,  cftciemy  of.  6<ii.  «oJ  Open  toil  diraan.iei,  499 

\ ,  hiitotiul  note!  on.  }«>  —   winlmg,  411 

,  inluction.   1.1,  Oppotlng        pre..urev        rartent 

, ,  mono-pha*e,  6jj  from,  4'? 

,  mechaniral      characteti»tic4  Optical    magniti.  »ti m    of    .Irflee- 

,f,  6uj.  604  \         «"""'   '" 

_      poly  pha^e,   rsio.  6>i  OjciUagraph.  apparatui  fot  pro- 

.  rotating  hcM.  615  |         i«:ting  <urvej.  ::. 

«rie..     mechanical     charac      curve,  .bowing   •.-Hag'-  and 

teri.tic,  of.  604  current  wave.,  :».. 

Moving  coil    gaUanometer.    Ayr      ,  Duddell  permannit  magnet. 

ton-Mather.  719  i         ",*,.,       ,                         . 

with         .ingle        pivot.     for      high  voltage      citcu,,,. 

Paul'..  7«o-7ii  couuection*.,t.-.:i 

,  principle   it  the  vihiatoi  of. 


Oscillatory  diKhurge,  gl 
Overtype  dynam  >t.   S'l 
Oudin'.   invriiti  >ii   "it    the  resona- 
tor, 'a: 
Oione.     productijo    of,     t  .eclfie- 

.illy,  u: 
I  OtoTiiter..  1J7 


fier,  yf>-i  ,  . 

Motor,    c.r..    armature    reaction.    Multicellular    electtojtatic    volt- 

;.'  ,04  '         meter,  Kelvin'.,  770  '" . 

'     "  '  .1    ..     1     .    .1.-    ...  vibrator..   ,:; 

converter..  641  I  Multiplier,  the.  ]4S  i  ..  o,..,,.-,j_i„  ••  .„,,  7., 

.diagram     of      """-     --''•■•°'';;J''"":%»-  m.2    Utt;n:.'ei;ct,.:' J4.' 

'"""  »'■  »*                                  I            '           '     oriduc    on        of   I  Oscillator,  Hert.'.,  64, 
in      u.e      ■«      a      .uo- -production         ot. ,.:,,,.,    v,« 

station,   64,  -i'h  tri-phase  rurrrnt..  «.4  ■  «■»'•'  '• 
,  electric,   Ellas' s.   5M                |  Mu.tchtabroek.  I'leter  van.  8 

-  -,  ,  L)al    Negro',  hr.t.   sSj  1 

.  .  scc'jiid.     584  I 

,  Froment's.    jVj  n 

.  .  Jacohi'.,    5^; 

, .  Ug   of   brushes   in.  J94     Xalder'.  ammeter.  351 

,  ,  small,    5>.>  \  Needle,  raagnetic,  16 

.experiment     en     the     back  |  ^^^^,,^^  j,^,i^    jj,,!,  , pace  at  the,  | 

E.si  r.  of,  59J                               \         (,»)  I 
.  C.anj  and  Co.".  monvphasr. ^  po.itive  and,  el-ctrifcc»tion.  1 

t..9  I  S«  '  *" 

- —    tieneralor.    Alioth,    63J  :  •<,,„,,   non  carbon   lamp,  aig  i 

,  EUell    Parker.   611  Sichulwn   and   Carlisle',  eiperi    ,  pacinntti'^,  Dr    Aiuonio.  d'Krii' 

.quadruple   cirv.-it.      ,4  nient..   i;^  ,,on    of'  a   -mall    1 1. 1  ir    iii..<- 

(tenTJt.vrs,   tiw  \  jJickel      and      cobalt,     hystete.i.  „j,,j  machine.  ;<? 

.  Giisiora's.  5)9  loop  ol.  110  I'ane.   Franklin'..   i"7 

,  Immisch,   S9'J  . .  magnetic  properties  of.  |.^,»niagr.etic     and     diamagnelU 

.  induction,  rotor,  .tat  )r  and  |  j^,  bodie-.  )  ■■ 

other   part.  of.  6jt  Nitric  acid  cells.  160  Peltier  .-Sect.  th».   i73 

,  ma»imum   activity   of.   Soi       Sobili'.      astatic      galvanometer.  |>jj,jj,',  i,jt.  i-l 

,  polypha.e.     driving    a    c.r   r  j^.  rr'o.s.  1-1 

generator,  630                                |  ■•  Soilon "  electric   vice.  s*9  I'endulum.  electric,  57 
.  Rechniew.ki"»       monopha.e  j  j^^^poi^rLed     relay,     Aii.erican.  ,..jjoj_  ,,.5 

»>;  •   "^                                            ''          I'i  Periodic  channes,  4|4 
,  self. starling       •1""^'"'"""'   '  Si.rman.     R-^h'tt.     mi.t:ie'.ic     ex  carves.  cjuiplf<  cyclic.  5J9 


610 


periroenls  ot,  j 


,  shunt,     mechanical     char.ic      Sorth-.cekiu8  pule  ilefinrd,   ij 

teristic.  r.f.  604 
. ■.  synchronous,     definilion    of.  • 

607  j  o 

.  tramcar,  597  I 

,  waternroof   railway,  .     !i  "  .  ] 

,^  Oh-s.:!-.  r-         l«7 

Motors.  AC.   mo-io-pha-.  606  1  il  pinus.     >v.  i=n«er  of.  liO 

and    dycimos.   coupled.    cj»     Oer.ted.  Han.  riiristi.in.  1. 

_  .  di.  overy  ot,  la 

ZT    '^_  '    eleiiwutary    theory    A.    '.^hm,  Gecige  Simc    .  u 

f,_,  ,  Ohro,  def  ■  itivn  of.  35S 


time.  534 

Permeability.  .14.  '^',  '" 

curve  of  csppcr  .-ill  >y.  3'4 

Turves    for    iron.    iH<; 

'  — ■-,  effects    ol     te",il»-rulure    so 

1  i"> 
,  m-asurement  ot.  a8s 

Permitt.uK-e.  51! 

— .  inductance     and.    lonibined. 

S47 

Pcrinntat  irs.  on 

-.   K  .■,;4C  1  aft.    ^4« 


ilt 


S34 

}'rtiina,     Prof«f»or     F      A,    and 

du(iUi  trlfffainv,  yj 
Pha«e  and  ph«»e-difff rrmf,  541 
.  «plittiu|   the.   dffihiliun  of, 

Phcnnmrna.    elemenrary     funda 

mrntal,    14 

,  other   radio-activr.  711 

Phosphorescence     in     *     vatuoia 

tube.  6«4 

with  external  poIf».  6M 

Phytic*  of  the  electric  arc,  »$i 

of   the  flo*  lamp,  jj7 

Picard  and  elettitcal  luminotily. 

6 
Pidfeon  influence  machine,  103 
Pile,  diKOvery  of.  t 

,  voltaic.  146.  147 

,  Zamboni.  55 

Piiii's  cumniuiator.  471 

-  dynatnu,  principle  of,  47' 
__    _-,,  ,  Kitthir>.  CUtke'v. 

aod     Siemens      jmprovemeci* 

on.  47> 
Plants,    Ga«ton.    ^.4 

,  -,  cell  of.   iii>4 

_,  ,  large   battery  of,   aoi 

^ -,  original    batteries    of. 

207 
Plate  machine.  Winter's  85 
Pluc  resistance  box,  35S 
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